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In the field of organic electronics, a major recent development was the 
discovery of organic electroluminescent conjugated polymers. The organic 
conjugated polymers have emerged as the materials of immense importance 
for their promising applications in organic light emitting diodes (OLED), 
organic field effect transistors (OFET) and photovoltaic cells. Currently, a 
major area of research in the field of organic electronics focuses on fine tuning 
the spectral and electronic properties of conjugated polymers. Different 
aromatic unit has already been investigated as the tunable centre for tuning the 
spectral and electronic properties of conjugated polymers. The choice of 
cyclophane as a tunable centre for tuning the physical properties of polymers 
appears especially attractive because of its unique transannular π-π 
interactions associated with a high degree of structural rigidity. 
Paracyclophane is well explored in literature for extending the conjugation in 
a copolymer backbone. But metacyclophane unit is not much explored in 
literature for extending the conjugation in a copolymer backbone. So one 
section of this thesis is focused on the metacyclophane based copolymers and 
triply clamped cyclophane. 
The other section of the thesis is mainly focused on the two-photon absorbing 
materials. The demand of designing and synthesizing efficient two-photon 
absorption chromophores is increasing in recent days because of the wide 
range of promising applications of the two photon absorption materials in the 
field of biological imaging, optical power limiting, three dimensional optical 
data storage, lithographic micro fabrication,
 
two-photon fluorescence imaging 
xi 
 
and photodynamic therapy. So the other section of this thesis elucidates the 
two-photon absorption properties of a series of novel octupolar propeller-
shaped or star-shaped chromophores. 
A brief and general introduction about the conjugated polymers and two-
photon absorption materials has been given in Chapter one which presents a 
detailed review of the literature about the conjugated polymers and two-
photon absorption (TPA) materials from their early invention to the recent 
development. Different types of literature reported cyclophane based 
copolymers are discussed in this chapter. This chapter not only includes the 
structures and properties of different kinds of literature reported TPA 
chromophores but also discussed about some of the real life applications of the 
TPA chromophores. Finally the aim and scope of the present thesis is also 
mentioned. 
Chapter two elucidates the synthesis and properties of metacyclophane based 
copolymers. The X-ray crystallographic analysis of the single crystal of dithia 
metacyclophane and metacyclophane shows that the two phenyl rings are in 
“syn” orientation for dithia metacyclophane but in “anti” orientation for 
metacyclophane unit. A detail study of the optoelectronic properties of the 
synthesized metacyclophane based copolymers and a comparison of the 
properties with those of the reference oligomers  have given an significant 
insight about the existence of the transannular interaction between the two 
phenyl rings in the anti-metacyclophane unit of the copolymers.  
In Chapter three a synthetic approach has been taken to synthesize a triply 
clamped trithia-bridged triphenylaminophane. We describe the successful 
xii 
 
synthesis of the two novel precursors those could be coupled by doing high-
dilution coupling reaction to make the final cyclophane. Although we were 
unable to achieve the final targeted cyclophane, the two novel precursors 
which are required to make the cyclophane are successfully synthesized. The 
successful synthesis of these two bridged-triphenylamine based compounds 
and a thorough investigation and optimization of the entire complicated 
synthetic route for their synthesis have made this work worthy, useful and 
important from its synthetic point of view. 
The wide range of promising applications of the two photon absorption 
materials in the field of biological imaging, optical power limiting, three 
dimensional optical data storage, lithographic micro fabrication,
 
two-photon 
fluorescence imaging and photodynamic therapy have motivated the 
researchers to design and synthesis efficient TPA (two photon absorption) 
materials. A large number of “triphenylamine based TPA chromophores” are 
reported in literature. But bridged-triphenylamine is not much explored in 
literature for making TPA materials. Recently TPA properties of bridged-
triphenylamine based dendrimers are reported from our group. But bridged 
triphenylamine based star-shaped TPA chromophores are not explored in 
literature.  
   So, Chapter four describes the synthesis, characterization, linear optical 
properties, fluorescence life time and non-linear optical properties (two-
photon absorption) study of two bridged-triphenylamine based star-shaped 
compounds where bridged-triphenylamins are used as terminal electron donors 
and they are anchored with a central benzene ring. High two-photon 
absorption cross-section and two-photon action cross-section value for both 
xiii 
 
the compounds have made them potentially useful for two photon probes for 
biological applications. 
Star-shaped TPA materials are well explored in literature. But most of the 
literature reported star-shaped TPA materials are symmetrical in nature. 
Unsymmetrical star-shaped TPA materials are not explored in literature. In the 
previous chapter, bridged-triphenylamine is used as terminal electron donor. 
So, in Chapter five, we explore the use of bridged triphenylamine as the 
central core electron donor which is substituted symmetrically as well as 
unsymmetrically with electron-donors and electron-acceptors to make 
symmetrical and unsymmetrical star-shaped donor-acceptor TPA 
chromophores. Bridged-triphenylamine is substituted symmetrically at its 
three sides either with three electrons-donors or with three electron-acceptors. 
The three sides of bridged-triphenylamine are also substituted 
unsymmetrically with two electron-donors at two sides and one acceptor at 
one side. Studying and comparing their linear optical properties, fluorescence 
life time and non-linear optical properties with each other shows that the 
unsymmetrical star-shaped compound is the most promising model in this 
series for TPA chromophores. 
Chapter six of this thesis focuses on the synthesis, characterization, linear and 
non-linear optical properties study of a series of bridged-triphenylamine based 
star-shaped donor-acceptor compounds. In all the compounds, bridged-
triphenylamine unit is symmetrically substituted with different electron-
acceptors. Each of the terminal acceptor is connected with the central core 
with different types of linker. So, a detailed comparative study of their TPA 
properties has given an insight about the effect of the terminal electron 
xiv 
 
acceptor and effect of linker on their TPA properties. Use of a very strong 
electron acceptor as the end group and use of alkene π-spacer between the 
donor and acceptor unit, is proved to be the most efficient tool to maximize 
the non-linear response of our bridged-triphenylamine based star-shaped 
donor-acceptor chromophores.  
Based on the experimental results obtained throughout the present thesis, a 
conclusion of our work is drawn in Chapter seven. Based on our observations 
and findings, the optimised structures of some compounds are also proposed in 
this chapter, for future work. These compounds should show significantly 
better properties and they might be found to be excellent materials in the field 
of organic electronics.     
Aim and scope of this Thesis. 
This thesis will focus on the synthesis, characterization, properties and 
applications of cyclophane based and bridged triphenylamine based organic 
materials. Based on the different class of compounds, our work will be 
discussed in five separate chapters of this thesis. 
a) In the first part of our work (chapter-2), we will focus on the synthesis of 
metacyclophane and meta- cyclophane based copolymers (As it’s shown in 
general structure T-1). Then we will study the optical and electrochemical 
properties of the copolymers in details. Finally we will investigated the 
transannular π-π interaction between the two phenyl rings in the anti 
metacyclophane unit of the copolymer, using their optical and electrochemical 
properties. Thorough investigation of the optical and electrochemical 
properties of the copolymers is expected to give a significant insight about the 
xv 
 
transannular π-π interaction between the two phenyl rings in the anti 
metacyclophane unit of copolymer T-1. 
 
b)  In chapter-3 of this thesis, we will take a synthetic approach to synthesize a 
triply clamped cyclophane using bridged-triphenylamine as the aromatic unit 
(as it’s shown in the general structure of T-2). While progressing towards the 
synthesis of our target molecule, a detail study on the synthetic procedure and 
methodology for the synthesis of the corresponding intermediates may reveal a 
new synthetic route for the synthesis of bridged triphenylamine based novel 
intermediates/ precursors which may prove to be useful compounds in 




c) In chapter-4, we will synthesize star-shaped compounds where three 
moieties of bridged-triphenylamine units are anchored on a central aromatic 
template (as it’s shown in the general structure T-3). Then their linear optical 
properties, fluorescent life time and non-linear optical properties will be 
studied. The target molecules are expected to show very high two-photon 
absorption cross-section. Their non-linear optical properties may prove the 
compounds to be potentially useful for optical power limiting, 3D micro 
fabrication and 3D optical data storage devices.  
 
d) In the next section of our thesis (chapter-5), a series of star-shaped 
compounds where the three sides of the bridged-triphenylamine are substituted 
symmetrically as well as un-symmetrically with electron donors and acceptors, 
will be synthesized (as it’s shown in the general structure T-4). In this section, 
bridged-triphenylamine unit will be used as central electron donor unlike the 
previous chapter where bridged-triphenylamine will be used as terminal 
xvii 
 
electron donor. Their optical properties, electrochemical properties, 
fluorescent life time and two photo absorption studies will be carried out. 
Their TPA cross section (δmax) and δmax/ M.W value will be measured and 
compared with each other. The detail study of their comparative TPA 
properties may give us an idea about which one of the two, a symmetrical 
donor-acceptor system or an unsymmetrical donor-acceptor system, is better 
TPA chromophores?   
 
e) In the subsequent section (Chapter-6) of our thesis, a series of bridged-
triphenylamine based star-shaped octupolar donor-acceptor compounds will be 
synthesized. In all of these compounds, central electron donating core bridged-
triphenylamine unit will only be symmetrically substituted with different 
electron acceptors (as it’s shown in the general structure T-3). Each of the 
electron acceptors will be connected to the bridged-triphenylamine moiety 
once through alkane linker again through alkene linker. Their optical 
properties, fluorescent life time and two photon absorption studies will be 
performed. The TPA cross-section of all the compounds will be measured and 
compared with each-other. Finally, a detail investigation of their TPA 
properties may help us to understand the effect of electron acceptors and effect 
xviii 
 
of linkers on the TPA properties of bridged triphenylamine based octupolar 
donor-acceptor systems.   
 
f) At the last section of our thesis, a conclusion will be drawn based on the 
results obtained throughout our studies. At last but not the least, based on the 
results and observation of our work done so far, some molecules will be 
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1.1 Conjugated Polymer.        
In the field of organic electronics and material science, a new area of research 
has been explored in front of scientists in 1977 when Prof Shirakawa et al
1a
 
have noticed for the first time that the conductivity of poly acetylene can be 
increased by many fold by doping it with various electron acceptors and 
electron donors. That has given a new possibility of using conjugated polymer 
as conducting polymer. In conjugated polymer, due to its alternative single 
bond double bond, there is extended pi-orbital overlap over the whole 
molecular framework and that extended pi-orbital overlap is responsible to 
reduce the HOMO-LUMO band-gap of the polymer so that it can be used as 
potential conductive polymer by doing doping. This doping can be done either 
by chemically or by electrochemically. In chemical doping, it can be oxidized 
for p-doping and reduced for n-doping. In electrochemical method, electron 
can either be added or be removed. By doping, an extra energy level is 
provided in between the HOMO and LUMO energy level and that extra 
energy level ultimately reduces the HOMO-LUMO gap and converts a non-
conduction polymer into a conducting polymer.  
1.2 Fluorescence of conjugated polymer. 
The photo luminescence of a conjugated polymer is an important property that 
can make use of the polymer as an active element in organic light emitting 
diode. The phenomena of photo luminescence can be well described by the 
Jablonski diagram (Figure-1.1). When the polymer is irradiated with a light of 
appropriate energy, the molecule from the ground state (S0) of the polymer is 
excited to the excited state (S1). Once the molecule is in the excited state, it 
 3 
 
has three ways to lose the excess energy. 1) Radiative way. 2) Non-radiative 
way. 3) Dissociation or rearrangement. The raditive way is of two types a) 
Fluorescence b) Phosphorescence.  
 
Figure 1.1. Partial energy diagram for a photoluminescence system (Jablonski 
Diagram. [ The source for this image is Olympusmicro.com] 
 
As it’s shown in the diagram, once the molecule is in the excited state, it can 
lose some of its energy through the vibrational relaxation and slowly can come 
down from one excited state to another excited state. If it goes from one 
excited singlet state to another excited singlet state (S2 →S1) then it’s called 
internal conversion. If it goes from one excited singlet state to another excited 
triplet state (S1→T1) then it’s called intersystem crossing. Once the molecule 
is in the lowest vibrational level of excited singlet state it can come down to 
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the ground state by emission of photon and this process is called fluorescence.  
But if the molecule is in the lowest vibrational level of excited triplet state and 
then it comes down to the ground singlet state by a radiative transition then 
that process is called phosphorescence.  
The quantum efficiency of fluorescence is defined as the fraction of molecules 
that will fluoresce. The difference in the photon energy cause a shift of 
fluorescence spectrum to longer wave length compared to absorption 
spectrum, which is called stokes shift.  
1.3 Band Gap of conjugated polymer. 
The atomic orbitals of a molecule interact with each other to generate the 
molecular orbitals which are separated in two energy bands. The energy bands 
which is fully occupied by electron is called the valence band and the higher 
energy bands those are empty are called the conduction band. The energy gap 
between these two bands is called the band gap. Normally, if the conjugated 
polymer is in un-doped condition, then the band gap is in the range of semi 
conductor and the polymer cannot act as conducting polymer. But the band 
gap can be further reduced to convert the polymer into conducting polymer by 
doing either p-doping or n-doping. In case of p-doping, an empty energy level 
or empty energy band is created just above the valence band, that newly 
created empty energy band can reduce the band gap by acting  as a bridge 
between the valence and conduction band. Where as in case of n-doping an 
occupied energy band is created just below the conduction band and that 
newly created fully occupied energy band can reduce the band gap by acting a 
bridge between the valence and conduction band. (Figure-1.2) 
 5 
 
The highest energy level of the valence band is often called a HOMO (Highest 
occupied molecular orbital) and the lowest energy level of the conduction 
band is referred to as LUMO (Lowest unoccupied molecular orbital). The 
band of a polymer is actually the difference in energy between the HOMO and 
LUMO. The ionisation potential is the energy difference between the HOMO 
and vacuum where as the electron affinity is the difference between the 
LUMO and the vacuum.   
 
 
Figure 1.2. Band gap of conjugated polymer , n-doping and p-doing of 
conjugated polymer. 
 
The HOMO and the LUMO energy levels are very crucial parameters to 
determine if the compound can be used as a host or a guest material in OLED. 
Moreover, if a compound is electron rich then its HOMO level will be higher 
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and its ionization potential will be lower so it can act as a hole transporting 
materials in OLED. So the determination of HOMO and LUMO energy level 
of a compound is very important factor in the field of organic electronics.  
The HOMO and LUMO energy level of a small compound can be determined 
by ultra violate photoelectron spectroscopy.  Whereas for a polymer, the 
electrochemical measurement can give us the value of the HOMO and LUMO 
energy level by cyclic voltammetry (CV) technique. In spite of some 
limitation of this technique, the CV technique is most acceptable till now to 
determine the HOMO and LUMO energy level of a compound. By running the 
CV technique, we can get the CV curve of a compound, from the CV curve, 
we can easily measure the oxidation potential (Eox) and the reduction potential 
(Ered) of the compound
2a
. The HOMO can be easily calculated by putting the 
oxidation potential value in this equation, EHOMO =  -( Eox + 4.4) and the 
LUMO can be calculated by using the reduction potential value in the equation 
ELUMO = Ered + 4.4.  This 4.4 eV constant in the relation between HOMO, 
LUMO and redox potential arises from the difference in gas phase ionization 




The band gap determined in this way is called the electrochemical band gap. 
The band gap can also be determined from the UV absorption spectra 
(UVonset), which is called optical band gap. The optical band gap is calculated 
using Plank’s equation as follows e = h/λ [Band gap (eV) = Plank’s constant/ 
Absorption onset value]. The value of electrochemical band gap is considered 
to be more reliable and accurate value of the band gap of a compound 
compared to the optical band gap.  
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In some cases, the full cycle of the CV curve cannot be achieved and from the 
half cycle we can only determine either the oxidation or the reduction potential 
of the compound. In that case, the optical band gap ( from the UV spectra) is 
considered to be the band gap of the compound. We can obtain either of the 
HOMO or the LUMO energy level of the compound from the CV experiment 
and the other one can be determined from the optical band gap. 
1.4 Cyclophane. 
Cyclophane, a name first proposed by D.J.Cram, was originally defined as a 
molecule that possesses layered aromatic moieties or a molecule that has 
bridges across the plane of an aromatic moiety. Different types of cyclophanes 
are known, like ortho cyclophane, meta cyclophane (1.9a) para cyclophane 
(1.1). Based on the number of methylene units connecting the rings, the 
cyclophanes are named as [2.2] cyclophane, [3.3] cyclophane etc. As in case 
of polymer 1.10 the cyclophane is a [2.2] metacyclophane and in copolymer 
1.11 the cyclophane part is a [3.3] metacyclophane. In different types of 
cyclophane, due to the difference in distance and difference in angles between 
their aromatic rings the types of π-π interactions are different. For example in 
[2.2] Paracyclophane 1.1 in which the two benzene rings are close to each 
other and co facial, the transannular interaction is very strong. Whereas in case 
of metacyclophane 1.9a which has its two phenyl rings in a staggered 










1.5 Transannular π-π interaction-Non bonding interaction. 
A unique mode of π-π interaction that does not extend along a carbon 
backbone is that of transannular type. It’s a type of significant non-bonding 
interaction that is commonly observed between π-aromatic systems. π-π 
interactions are caused by intermolecular overlapping of π -orbitals in  π-
conjugated systems. So they become stronger as the number of π-electrons 
increases.  It’s also called as through space interaction (Figure-1.3). 
The most popular example of this π-π interaction is found for consecutive base 
pairs in DNA. Although in general the non covalent interaction is weaker than 
covalent interaction but the sum of all π-π interaction in double stranded DNA 
molecules creates large net stabilization energy. 
In organic and supramolecular chemistry this interactions plays a very 
important role because it helps for synthesizing self assembled organic 
molecules via intermolecular π-π interaction.  It can act strongly on flat 
polycyclic aromatic hydrocarbon such as anthracene, triphenylamine because 
of the many delocalized π-electrons in these molecules.  
One of the most popular systems is Cyclophane which exhibits this type of π-π 
interaction between their rings. So the study of cyclophane chemistry to 
understand the π-π interactions in cyclophane systems becomes a popular area 




Figure 1.3. Transannular π− π interaction in paracyclophane. 
1.6 Transannular π-π interaction in Cyclophane Based 
Copolymer. 
For last few decades, the fine tuning of optical and electronic property of 
copolymer becomes an interesting area of research. Different aromatic moiety 
has already been used as tunable centre for tuning the optoelectronic property. 
Cyclophane is one of the popular aromatic moiety because of its unique 
transannular interaction. Different cyclophane has different type and way of 
transannular interaction. In paracyclophane based copolymer, due to co facial 
and parallel arrangement of the two phenyl ring, the transannular interaction is 
maximum. In dithia meta cyclophane, due to its syn stereochemistry, the two 
phenyl rings are co facial to each other so the transannular interaction is still 
there. However, the strength of the interaction in meta cyclophane is not so 
strong like paracyclophane because in the dithia meta cyclophane, the distance 
between the two phenyl rings is more than that of paracyclophane.  
        Different types of cyclophane based copolymer have already been 
reported in literature. In those polymers the cyclophane unit is placed either in 
main chain or in side chain to tune the physical properties of the polymers. As 
it has already been mentioned that for cyclophane, it’s most attractive and 
 11 
 
unique feature is it’s transannular π-π interactions or so called through space 
conjugation, different kinds of cyclophane is having different extent and types 
of transannular π-π interactions associated with different spatial orientation of 
the rings in cyclophane. As for example the substituted carbon atoms of the 
stacked and folded benzene rings in [2.2]paracyclophane 1.1 are in close 
proximity at about 2.8 Å apart
1
. So, significant transannular π-π interaction 





spectra and related studies
4
. Such through-space orbital interactions have been 
employed successfully in extending conjugation in a polymer backbone in 




 Chujo et al. have contributed most 
significantly in the study of [2.2]paracyclophane-based copolymers with 











 that collectively exhibit effective transannular conjugation through the 
cyclophane units in the polymer backbone. [2.2]Metacyclophane anti-1.9a has 
its two carbon atoms in closest proximity between the benzene rings at about 
2.7 Å apart but the two rings are staggered
12
.  There is limited extent of orbital 
overlap between the two rings in metacyclophane and separate studies
3,4a
 
showed that there is little or no transannular effect in metacyclophane. 
Although Morisaki et al has mentioned about the possibility of such 
transannular interaction in a series of metacyclophane (compounds 1.9b-e) 
bearing diazonio salt on their outer position
4b
, the research attempt has not 
been taken to use the metacyclophane to extend the conjugation in a 
copolymer backbone. So the metacyclophane based copolymer is not much 
explored in literature.   
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 Anti-Poly[2.2]metacyclophane 1.10 is  to our best knowledge the only such 
example known and it is essentially insoluble in solvents.
13
 It however showed 
a long wavelength tailing till 700 nm that might be due to transannular π-
electron overlap. On the other hand the dithia[3.3]metacyclophane-based 
copolymer 1.11
14
 adopts a syn stereochemistry. So due to it’s Syn 
stereochemistry the two phenyl rings are co-facial to each other and 
considerable π-π interaction exists between them which is proved by its 
electronic and photo electronic spectra and related studies.  
1.7. Optoelectronic device by using organic optical materials. 
1.7.1. Organic Light Emitting Diode. 
The phenomenon of organic electroluminescence was first discovered by 
Pope
15
 in 1963. But, the development of organic light-emitting device (or 
diode) known as today’s OLED technology actually began in the Chemistry 
Division of Kodak Research Laboratories in the late 1970s by Tang and co-
workers
16
. In a basic two-layer OLED structure, one organic layer is 
specifically chosen to transport holes and the other organic layer is specifically 
chosen to transport electrons. The interface between the two layers provides an 
efficient site for the recombination of the injected hole–electron pair and 
resultant electroluminescence. The basic structure of multilayer OLED is 
shown in Figure-1.4. When a potential difference is applied between the 
cathode and anode then injection of holes occurs into hole transporting layer 
(HTL) from anode and electrons are injected into electron transporting layer 
(ETL) from cathode
17
. The injected holes and electrons each migrate toward 
the oppositely charged electrode, and the recombination of electrons and holes 
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occurs near the junction (emitting layer). Upon recombination, energy is 
released as light, which is emitted from the light-transmissive anode and 










Figure 1.4a. Basic Structure of OLED [The source for this image is reference 
16]  
 
Figure 1.4b. Basic Structure of OLED. 
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For a good OLED device, the highest occupied molecular orbital (HOMO) of 
the HTL is slightly above that of the ETL, so that holes can readily enter into 
the ETL, while the lowest unoccupied molecular orbital (LUMO) of the ETL 
is significantly below than that of the HTL, so that electrons are confined in 
the ETL. So the main feature of a good hole transporting material (HTL) is 
that it should be electron rich (like aromatic amine) compound with low 
ionisation potential. So that it’s HOMO energy level should be higher.   
1.7.2. Organic Solar Cell. 
In organic solar cells the principle is just opposite to that of OLED. In OLED 
the applied potential generates light so in OLED the electrical energy converts 
to photo energy and in solar cells the light actually introduced to generate a 
potential difference between the electrodes that generates electricity. So here 
photo energy converts to electrical energy.  The need to develop inexpensive 
renewable energy sources stimulates scientific research for efficient, low-cost 
photovoltaic devices.
18
 The organic, polymer-based photovoltaic elements 
have introduced the potential of obtaining cheap and easy methods to produce 
energy from light.
19 
Organic  materials having a delocalized π-electron system 
can absorb sunlight, create photogenerated charge carriers, and transport these 
charge carriers. Research on organic solar 
cells generally focuses either on solution processable organic semiconducting 
molecules or polymers or on vacuum-deposited small-molecular materials.
20        
The process of conversion of light into electricity by an organic solar cell is 
schematically described by the following steps:
21
 1) absorption of a photon 
leading to the formation of an excited state, that is, the bound electron-hole 
pair (exciton) creation; 2) exciton diffusion to a region where exciton 
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dissociation, that is, charge separation occurs; 3) and charge transport within 
the organic semiconductor to the respective electrodes.
21
.  
1.7.3. Organic Field Effect Transistors.  
 Organic field-effect transistors (OFETs) based on solution-processible 
polymeric as well as small molecular semiconductors have obtained 
impressive improvements in their performance during recent years.  The main 
interest in studying OFETs stems from the fact that these devices are easier to 
fabricate compare to  traditional silicon based transistors, which require severe 
processing techniques, and also their a large possibility of replacing 
amorphous silicon in applications such as identification tags, smart cards and 
display drivers those are intended for short term use and large scale 
manufacture
22
. The design and synthesis of novel materials that possess a low 
threshold voltage, a high on/off ratio, and high mobility and stability under 






                     
Figure 1.5. Schematic of OFET 
The Schematic representation of OFET is shown in Figure-1.5 where PTV ( 
poly (2,5-thienylene vinylene) is used as semiconductor and PMMA 
(polymethyl methacrylate) is used as gate dielectric.  
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The working principle of OFET is as follows : When there is no gate voltage 
applied then the organic semiconductors will not show any charge carrier. 
When a negative voltage is applied then a positive charge is induced at the 
semiconductor adjacent to gate. If the Fermi level of the metal of source or 
drain is close to the HOMO level of semiconductor then holes can be injected 
from the metal to the HOMO of semiconductor. It’s the case of p-type OFET. 
On the other hand if a positive voltage is applied then a negative charge will 
be induced at semiconductor and if the Fermi level of metal is close to the 
LUMO of semiconductor then electrons can be injected from metals to the 
LUMO that gives n-type OFET. 
The three kinds of semiconductor used in OFET are 1. p-type semiconductor. 
2. n-type semiconductor.3. Ambipolar semiconductor.  In p-type 
semiconductor mainly those materials are used where the majority of carriers 
are holes whereas in n-type semiconductor majority of   carriers are electron. 
The use of n-type semiconductor in device fabrication is much less compared 
to p-type semiconductor. It’s due to the fact that transport in n-channel 
conductor is easily degraded by air. Most of organic materials tend to conduct 
holes better than electrons. Another added difficulty is that it’s easy to inject 
holes into the HOMO of organic materials (for p-type semiconductor) because 
in most of the cases gold is used as metal for electrode and the work function 
of gold (5.1 eV) is very close to the HOMO level of most of the organic 
materials (4.8 eV-5.1eV). But for the n- type semiconductor we need to inject 
electrons into the LUMO of organic materials and LUMO level of the organic 
materials lies at much higher energy level so gold can’t be used. Only low 
work function metal like Al, Ca, Mg can be used but again these metals are 
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easily oxidised by air.  So now a days instead of unipolar semiconductor, 
Ambipolar semiconductor is in use. Ambipolar transistor exhibits hole 
accumulation for negative gate bias and electron accumulation for positive 
gate bias. It can be prepared by using a heterostructure active layer combining 
an n-type semiconductor (with high electron affinity) with a p-type 
semiconductor (with low ionization potential)
23
. 
1.8. Two Photon Absorption. 
In the year 1930, while doing her PhD, Goppert Mayer has theoretically 
explained the phenomena of two photon absorption for the first time
24
. After 
30 years, in the year 1961, the invention of laser has permitted the 
experimental demonstration of two photon absorption (TPA) phenomena for 
the first time
25
. The simultaneous absorption of two photons by a same 
molecule to promote the molecule from one state to higher energy state is 
termed as two photon absorption. The energy difference between the involved 
lower and upper states of the molecule is equal to the sum of the energies of 
the two photons those are involved in the process. It’s not a liner optical 
property of the molecule rather it’s non-linear optical property because the 
strength of the absorption depends on the square of the intensity of the light. 
TPA is a second order process and several magnitude weaker than the one 
photon absorption or linear absorption.  That’s why the TPA is only observed 
in intense laser beams, particularly focused pulsed lasers, which generate a 
very high instantaneous photon density.  
By using the TPA technique, we can access a higher energy state or excited 
state by making use of a photon of half the energy (or double wave length) of 
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the corresponding one photon transition. Because of this special advantage, the 
demand of the TPA technique is increasing  in recent days for its wide spread 
applications in different fields. The different applications of the TPA dyes will 
be discussed briefly in the subsequent section of this chapter.  
1.8.1. Theory of two photon absorption. 
Beer-Lambert law is applicable for the one photon absorption or linear 
absorption of a molecule and some assumption has been made for the validity 
of the beer-Lambert’s law. Considering all those assumption to be valid, the 
attenuation of the light beam that is resulting only from the two photon 
absorption can be described by equation-1  
dI/dz = -Nα2I2 = -NδFI      [Equation-1] 
I = Intensity of the light beam. The intensity can also be expressed in terms of 
the photon flux F and the F = I/hν. Where hν is the energy of the photon.  
Z= Distance in the medium. 
N= Number of molecules in per unit volume. 
α2 = Molecular coefficient for the TPA. 




. If the intensity is 
expressed in terms of the photon flux F then the coefficient δ comes into the 
equation. This δ is actually called as the TPA cross section of the compound. 
The unit for expressing TPA cross section (δ) is GM and it’s named after the 
name of the scientist Goppert-Mayer who is the inventor of the two photon 









In case of plane polarised light, for a transition from ground state g to excited 
state f, the TPA cross section δ is expressed by the equation-226. 
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/ ɛ2n2c2 (1/ Ӷ) Sfg. [Equation-2] 
Here L represents the enhancement of the optical field in the medium 
compared to vacuum.  
L = ( n
2
 + 2) /3, where n = refractive index of the medium.  
In equation 2,  Sfg = [  <µgi µif>/ ( Egi – hν) ]
2
.  
Here Egi is the energy gap between the ground state g and the intermediate 
state i. Ӷ is expressed in energy unit and its taken at the half wide of the half 
maxima of the TPA band.  
µkl is the amplitude of the oscillating dipole moment which is induced by the 
electric field of the light wave whose frequency matches with the difference in 
energy between the two state k and l.  Now when the molecule is in the 
solution, this transition dipole moment µkl  vector rotates with the rotation of 
the molecule. So to overcome this difficulty, an average of there projection 
must be taken onto the direction of the optical field. Although the average is 
not very straight forward, but it’s value is 1/5, if the moments of µgi  and µif  
are co-parallel to each other. This assumption is true for the most of those 
compounds which shows strong TPA property. So after some rearrangement 
we can get the equation 3  
Sfg = 1/5 [ ( ∆µgf  µgf / hν )2 + ∑ ( µgi µif / (Egi – hν)2 ) ].   [Equation-3] 
Here the µgf  signifies the change of the static dipole moment in the excited 
state compared to the ground state.  
Now for the centrosymmetric molecule as the static dipole moment is zero so 
the first part of the equation 3 does not come in to calculation.  In those cases 
the TPA cross section of a molecule can be expressed with a simpler equation  
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 / ( ( Egi / hν ) -1 )
2
 Ӷ.   [Equation -4]  
where C = Constant.  
The ground state wave function | g> and the final state wave function | f> are 
gerade and the intermediate state wave function | i > is ungerade.   
In the  figure -6 its’ shown that for a linear molecule with D2h symmetry, has 
three energy state level.  
For one photon absorption, the transition from g to i or i to f is allowed. But 
for TPA, the frequency ν allows the transition neither from  g to i nor from i to 
f . Rather it creates a non-stationary state or virtual state. This virtual state is 
generated by the superposition from the g state and the i state. This virtual 
state is created only at that moment when the molecule experience the field of 
the first photon
27
. Due to this presence of the state i for this very small period 
of time, it allows the second photon with frequency ν to make a transition to 
the final state f. In this way the transition from 1Ag to 2Ag is allowed for the 
TPA but the similar transition is forbidden in one photon absorption. This 
reversal of the selection rule is applicable for all types of compound those 
have the centre of symmetry.  
For the non-Centro symmetric molecule, the first term in the equation 3 is not 
zero and therefore g to f transition is electric –dipole allowed and the f state 
plays the similar role of the i state. So this transition is possible in both, one 
photon absorption and TPA cases.   
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1.8.2. Measurement of the TPA cross section.  
There are mainly two methods available to measure the TPA cross section of a 
compound. Z-scan method and the two photon induced fluorescence method. 
 Z-scan method.   
In z-scan method the sample is moved along the path of a focused laser beam 
and the light intensity is measured in the detector as a function of the position 







Figure 1.7. Set up for the z-scan experiment. 
This is a useful technique for probing non-linear transmission.  
 Two-Photon Excited Fluorescence method. (TPEF) 
TPEF method is the direct way of measuring the TPA efficiency of a 
compound. For measuring the TPA cross-section, The TPEF method was first 
described by Webb et al.
29
 Later on, Rebane et al has optimised the TPEF 
method
30
 and recently they have also reported
31
 the TPA cross-section of a 
number of commercially available dyes, measured by TPEF method.  
In this method, a reference compound is needed and TPA cross-section of that 
compound at different wave length has to be known. Then the simplest way is 
to compare the one photon absorption spectra and the TPA spectra of the 
sample and the reference compound under identical condition at a range of 
different wave length. In this method, the effect of many variables (laser 
power, pulse duration) can be omitted. Normally a laser of about 100 fs is 
required for the TPEF method. The main limitations of this method is that the 
sample has to be photo luminescence and this method cannot be applied in the 





1.8.3. Two Photon Absorbing Compounds. 
For last few decades, extensive research has already been carried out to 
develop efficient two photon absorption materials which can find their 
applications in different fields like optical power limiting
32
, 3D micro 
fabrication
33
 and multi photon microscopy
34
. Compounds with different 
structural design and different shaped has been synthesized and has been 
tested for TPA chromophores. The most efficient and effective structural motif 
is the compound with donor-bridge-acceptor. The TPA property of the 
compound changes vastly depending on many factors like the position of the 
donor and acceptor unit, the shape of the molecule, type of bridging and of 
course with the type of donor and acceptor unit used. Here we are going to 
discuss the different types of compounds and their TPA properties reported in 
literature briefly. 
 
 Dipolar Compounds.   
 
 
The first D-π-A type dipolar molecule with TPA property was reported by 
Reinhardt
35
. The δ/MW of compound 1.12 and 1.13 are almost same where as 
the δ/MW value increases continuously with the increase of the conjugation 






Compound 1.12 to 1.15 contain the donor and acceptor unit at the terminal of 
the compounds which are among the simplest example of the dipolar TPA 
chromophores reported in literature. Recently reported some dipolar TPA 
chromophores have found their application for two-photon excitation 
microscopy.
36b
 Hu et al have reported some asymmetrical dipolar TPA 
chromophores.
36c
 Other dipolar TPA chromophores recently reported in 
literature includes cationic TPA dyes
36d
,  anthracene based TPA dyes
36e
 etc.  
Table 1.1. TPA properties of compounds 1.12 to 1.15. 
 
 Quadrupolar Compounds. 
It’s already well reported in literature37 that the Quadrupolar type of structure 
is more efficient in terms of TPA efficiency compared to dipolar push-pull 
chromophores. Particularly for multi photon based optical power limiting 
applications, the quadruple structure is found to be more effective compared to 
simple dipolar chromophores
38
. Based on the position of the donor, acceptor 




λmax of two photon 
excitation spectra. 
(nm) 
1.12 125 840 
1.13 120 750 
1.14 300 825 
1.15 500 850 
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quadruple compounds can be of different shape and  design. D-π-D, D-A-D 
and A-π-A type compounds are the most commonly used TPA chromophores 
with Quadrupolar structure.  
 
 
In 1997, Marder and co workers have reported
37
 this type of dipolar TPA 
compounds (compound 1.16 and 1.17) where both the terminals are 
substituted with two donor units. 
 
 
It’s not always necessary that the Quadrupolar compounds has to be in a linear 
shape, based on the bridging unit the shape can be altered from the simple 
linear compound to the bent banana shaped Quadrupolar compounds. For 
example, Mongin et al
38
 have reported the synthesis of special banana shaped 
Quadrupolar compounds by using fluorene as the bridging unit for attaching 
the donor and acceptor part. By using the same strategy, recently other banana 
shaped compounds (Compound 1.18, 1.19) has also been reported
39a
 as 
efficient TPA chromophores. Some of the recently reported Quadrupolar TPA 
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chromophores include bent-shaped Pyrimidine dyes
39b








indenofluorene and indolocarbazole based compounds
39f
, naphthalene diimide 
based NIR chromophores
39g
, compounds with fluorene as π-spacer39h,     
diphenylaminestyryl benzene derivatives
39i






Table 1.2. TPA properties of compounds 1.16 and 1.17. 
 
 Octupolar Compounds 
Others than simple dipolar and quadropolar compounds, the others type of 
architecture known for designing TPA chromophores is Octupolar. The very 
first series of Octupolar compounds those shows significant TPA properties 
were reported by Cho et al.
40
 Compounds 1.20, 1.21 and 1.22 are among very 
first ever reported Octupolar compounds as TPA chromophores. The 




λmax of two photon 
excitation spectra. 
(nm) 
1.16 110 620 
1.17 340 680 
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compound 1.20 where as di phenyl amine group has been used for compound 
1.21 and 1.22 to serve the same purpose. In all the compounds cyano group 
has been used as the electron with drawing counterpart. As we can see from 
the TPA data (Table-1.3) that going from compound 1.20 to compound 1.21, 
the TPA cross section has been increased by more than 12 times. This abrupt 
increase of TPA value of compound 1.21 compared to 1.20 has been achieved 
by replacing the electron donating dimethyl amine group with strong electron 
donating di-phenyl amine group. The elongated conjugation length of 
compound 1.21 compared to 1.20 plays another important role to improve the 
TPA cross section value. While comparing TPA cross section of compound 
1.21 with that of 1.22, the length of conjugation does not make a significant 
contribution because by increasing the conjugation length in 1.22, the TPA 
cross section has been increased only by a factor of 1.05.  
By comparing the δmax / M.W value  for this series of compounds, the value is 
4.6 times better for compound 1.21 compared to 1.20 but the δmax / M.W value 
for compound 1.22 is less than that of compound 1.21
40
. So increasing 
conjugation length does not always necessarily improve the δmax / M.W of a 
compound. This observation demands the necessity for the optimisation of 









Table 1.3. TPA properties of compounds 1.20, 1.21, 1.22.  
 
Very recently Jiang et al has reported
41
 the synthesis and TPA properties of a 
series of Octupolar compounds having 1,3,5-triazine central core. Compound 
1.23, 1.24 and 1.25 are bearing 1,3,5-triazine unit as central core electron 
acceptor. The three arms of the triazine unit have been replaced by various 
electron-pushing units. In compound 1.23, the electron donor is Diphenyl 
amine whereas for 1.24 its di-methyl amine. Interestingly in compound 1.25, 
the electron donating group tri phenyl amine unit is bearing –C4F9 unit which 
is an electron acceptor, in the side arm. From Table 4, we can see the TPA 
cross section of compound 1.24 is more than that of compound 1.23. The δmax 
value for compound 1.25 is lying in between compound 1.23 and 1.24. So in 
compound 1.25, the molecule is designed in such a way so that the inter 
molecular charge transfer is not only in particular one direction rather the 











δmax / M.W 
1.20 197 800 0.55 
1.21 2480 990 2.58 


















Zebing et al has also recently reported
42a
 a series of octupolar polycyclic 
aromatic hydrocarbons as TPA chromophores and their applications in optical 
power limiting have also been shown. This article has also highlighted the 
effect of different electron acceptor (CN, NO2 and CF3) on their TPA cross 
section. Zebing et al has also focused to study the effect of concentration and 
effect of solvent on the TPA property of their compounds. It’s shown that the 
change of solvent from toluene to THF does not make any significant change 
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in the TPA if the compound is having CN and CF3 as electron with drawing 
group. But in case of a compound bearing –NO2 as electron acceptor, the TPA 
has been increased significantly in THF solution compared to that of toluene 
solution
42a
. Because of its vast area of application, a large number of octupolar 
TPA chromophores with various size and shape have been reported in 
















λmax of two photon 
excitation spectra. 
(nm) 
1.26 4845 750 
1.27 1366 750 
1.28 1083. 740 
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 Triphenylamine based star-shaped compound. 
The very first triphenylamine based star shaped compounds for TPA 
chromophores has been reported in the year 1999 by Prasad et al.
43
 The 
compounds 1.29, 1.30 and 1.31, reported by Prasad
43
 , have the electron 
acceptor on one, two and three arms of the triphenylamine unit respectively. 
It’s shown in table -6 that with increasing the number of electron acceptor 
branch on the triphenylamine unit, the TPA cross section has been increased 
continuously from 1.29 to 1.31.  
 
 
It’s also interesting to see that the TPA cross section, obtained by nano-second 
pulse is more than two orders of magnitude bigger than the value obtained 
from femto second pulse. The possible explanation is the absorption of the 
excited state during the excitation process. However, the value obtained from 
both the process has shown a clear indication of increasing the non-linear 
optical property with the increase of number of chromophores.  
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1.29 60 0.35 
1.30 208 1.1 
1.31 587 2.4 
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Another series of triphenylamine based star-shaped donor acceptor compounds 
(1.32, 1.33, 1.34, 1.35) for TPA chromophores has been reported by Bhaskar 
et al.
44
 The comparative TPA property of the compounds shows the effects of 
length of conjugation and effect of linker on the TPA efficiency. In all the 
compounds the pyridine unit has been used as the electron acceptor. Both 
compounds 1.32 and 1.33 have alkene linkage between the triphenylamine 
donor and pyridine acceptor. But the TPA cross section of compound 1.33 is 
3-times larger compared to that of 1.32. The same trends continues on going 
from compound 1.34 to 1.35 where both compound 1.34 and 1.35 have used 
alkynes linkage. So keeping the type of linkage same, the TPA increases with 
the increase of conjugation length. This trend is quite normal and well 
documented in literature
45
.  Due to increase of conjugation length, the 
detuning terms (it’s the difference in energy between the ground state and first 
excited state and the ground state and TPA state) reduces in the sum-over-
states-expression
46
 and also increase the transition dipole moment. As a 
combined effect of these two factors, the TPA cross section increases with 
increase of conjugation length. Now we want to compare the TPA of 1.32 with 
that of 1.34 and compare the TPA of 1.33 with that of 1.35. It can be seen that 
both 1.32 and 1.34 have same conjugation length but the way of linkage is 
different and compound 1.33 and 1.35 are having same conjugation length but 
again their way of linkage is different. The TPA of 1.32 is much higher than 
that of compound 1.34, similarly the TPA of compound 1.33 is 4 times higher 
than that of compound 1.35. So by comparing the two sets of results, it’s clear 
that the alkene linkage is better than alkynes linkage to improve the TPA cross 
section (providing the donor acceptor unit and conjugation length identical).  
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As from the above example, we can understand the effect of conjugation 
length and effect of linker on the TPA efficiency of a compound, but there is 
no scope to understand the effect of the acceptor on the TPA efficiency as all 
of these compounds have the same (pyridine) unit as the electron acceptor. 
Table 1.7. TPA properties of compounds 1.32 to 1.35. 
 
So to investigate the effect of peripheral acceptor group on the TPA cross 
section, we can take the example of compound 1.36 to 1.39 reported by Porres 
et al.
47a











From this series of compounds, it’s seen that by using the same conjugation 
length, the TPA cross section of compound 1.37 is much higher than that of 
compound 1.36. This increase of TPA cross section is attributed to the 
increase of strength of the peripheral acceptor. The increase of TPA on-going 
either from compound 1.36 to 1.38 or from compound 1.37 to 1.39, is due to 
the increase of conjugation length which in-turn elongate the distance between 
the central core donor and peripheral acceptor. This effect has already been 
discussed in the previous section. The strength of acceptor is again responsible 
to increase the TPA of the compound 1.39 compared to that of 1.38.   
Table 1.8. The TPA cross sections of compounds 1.36 to 1.39, measured at 
740 nm wave length.  
 







Because of its special propeller star bust molecular structure and symmetrical 
geometry, triphenylamine moiety has been used very extensively for last few 
years for making TPA chromophores
47b-n
.  
As the major part of this thesis consists of the synthesis and two photon 
absorption study of the star-shaped compounds, more of this type of star-
 37 
 
shaped compounds reported in literature, will be mentioned in the introduction 
sections of the corresponding chapters of this thesis.  
1.8.3. Applications of Two Photon Absorbing Compounds. 
 Tracers. 
If the migration of a non- fluorescent drug molecule has to be traced inside the 
cell, then TPA dyes can be used as the tagging agent that can tag with the 
molecule and help us to track it’s migration inside the cell. For example, Prasad 
et al has reported
48
 a stilbene based TPA dye to trace chemotherapeutic 
doxorubicin conjugate which enters through the cellular pathway and localized 
within human blood cancer cell. 
 Sensors. 
Some TPA dyes are also reported as a chemo sensor for a specific metal ion. 
Fahrni et al  has reported
49a
 such kind of a TPA dye that can act as a sensor for 
Zn
+2
 ion. In this dye, the metal ion chelates with the pyridine unit of the dye 
therefore the electron accepting capacity of the pyridine unit enhances and 
consequently the TPA cross section of the dye enhances upon chelation with the 
metal ion.  

























 Photo dynamic therapy.  
The conventional one photon photo dynamic therapy has found its wide usages 
in the field of medical science
50
. This one photon PDT is used to treat the skin 
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cancer or cancer in the hollow organ. This is also used to treat the eye disease 
macular degeneration.  
PDT employs a photo sensitizer which induces the damage upon optical 
irradiation. Singlet oxygen is generated due to transfer of energy from the 
excited state of this sensitizer to the molecular oxygen, and this singlet oxygen is 
the primary cause of the photo toxicity of the photo sensitizer. Now, in case of 
the two photon PDT, the excitation of the photo sensitizer is confined only to the 
focal volume. As the two photon excitation needs a light of longer wave length 
so the light can penetrate even deeper in living tissue compared to normal 
visible light. This advantages makes the two photon PDT  to be more useful 
compared to the one photon PDT.  
 3D Optical data storages.  
The usual optical data storage devices of modern days, like CD or DVD uses the 
one photon process for the write and re-write the information in a two 
dimensional surface. But by using the two photon process, the data can be stored 
in a three dimensional volume
51a
 because the two photon excitation volume is 
tightly localized and it can provide a nice discrimination against the surrounding 
background.  
Because of this extraordinary advantage of the 3D optical data storage over the 
conventional 2D optical data storage device, recently many researchers have 






Others than these, the TPA dyes have also found their application in micro 
fabrication
52




 and drug delivery
54
. 
Because of its practical applications in so many fields, the demand to develop 
the TPA dyes with optimum two photon absorption cross section and two photo 
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COPOLYMERS: PUSHING THE LIMITS OF 
TRANSANNULAR CONJUGATION EFFECT 





In the field of organic electronics a major recent development was the 
discovery of organic electroluminescent conjugated polymers. Organic 
conjugated polymers have been thoroughly investigated over the past decade 
due to their promising electronic and optical applications. This material may 
now challenge the domination by inorganic materials of the commercial 
market in light-emitting diodes. These conjugated polymers are particularly 
versatile because their physical properties (colour, emission efficiency) can be 
fine-tuned by doing some manipulation in their chemical structure. So, current 
research interest in the field of organic electronics focus on tuning the spectral 
and electronic properties of conjugated polymers. 
     Different aromatic unit has already been investigated as the tunable centre 
for tuning the spectral and electronic properties of conjugated polymers. The 
choice of cyclophane as a tunable centre for tuning the physical properties of 
polymers appears especially attractive because of it’s unique transannular π-π 
interactions associated with a high degree of structural rigidity. 
As it’s mentioned in the introduction section of this thesis, the existence of the 
transannular π-π interaction between the two phenyl rings in paracyclophane is 
already proved and well documented in literature
1a
. Because of this 
transannular interaction in paracyclophane, there are many different 
paracyclophane based copolymers reported in literature. The articles published 
in last few years mostly include the paracyclophane and paracyclophane based 
copolymers
1b-g
. Dithia meta cyclophane based copolymer and meta 
cyclophane based homo-polymer is also reported in literature.  We have 
already mentioned about all those co-polymers and polymers in the 
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introduction chapter of the thesis. But to the best of our knowledge, there is no 
meta-cyclophane based copolymer reported in literature so far.   
Because of the staggered conformation of the two phenyl rings in the 
metacyclophane unit, the possibility of the transannular interaction between 
the two phenyl rings is uncertain. Although Morisaki et al has mentioned 
about the possibility of transannular interaction in a series of metacyclophane 
bearing diazonio salt on their outer position
1f
. But the research attempt has not 
been taken to use the metacyclophane to extend the conjugation in a 
copolymer backbone. So the metacyclophane based copolymer is not much 
explored in literature.   
So, for this section of our work, keeping the research gap stated above in 
mind, our aim is to synthesize the metacyclophane 2.1 and to synthesize two 
copolymers 2.2 and 2.3 based on this metacyclophane.  Then to study the 
optical and electrochemical property of these copolymers and to answer our 
main research question “is there any transannular interaction between the two 
staggered phenyl rings in the metacyclophane unit or not?” by studying the 





2.2. Results and Discussions. 
2.2.1. Synthesis of Metacyclophane (2.1). 
The synthetic route for synthesizing metacyclophane 2.1 is depicted in 
scheme-2.1. Converting phenol 2.4 to its ethyl ether followed by free radical 
bromination gave the tribromo compound 2.6, albeit in a relatively low yield. 
The benzylic bromination of 2.5 to synthesis the tri-bromo compound 2.6 was 
not very straight forward. The reaction always gave a mixture of mono, di, tri 
 51 
 
and tetra-bromo compound and it was very challenging to purify the crude 
mixture to obtain the pure desired compound 2.6. After several attempt, the 
mixed solvent recrystallization of the crude mixture at -30 
0 
C gave the pure 
compound. Reacting 2.6 with thiourea followed by base hydrolysis of the 
corresponding bis-sulfonium salt afforded the dimercaptan 2.7. A cyclization 
reaction between 2.6 and 2.7 under high dilution conditions
2
 gave a mixture of 
72% “syn” and 28% “anti” dithi[3.3]metacyclophane 2.8, which was 
recrystalised from benzene to get a  fair yield of the only “syn” 
dithi[3.3]metacyclophane 2.8. 
 
Scheme 2.1. Synthesis of dithia metacyclophane 2.8 and metacyclophane 
2.1. 
Reaction conditions: (i) C2H5Br, K2CO3, acetone, reflux, 3 d; (ii) NBS, 
benzoyl peroxide (cat.), hν, benzene, reflux, 30 h; (iii) thiourea, EtOH, reflux, 
6 h; (iv) 50% aq KOH, reflux, 18 h; (v) KOH, benzene/95% EtOH, room 




Its “syn” stereochemistry (Figure 2.1) similar to that of parent 
dithia[3.3]metacyclophanes was confirmed by X-ray crystallography
3
. The 
distance between the two carbon atoms (C8-C8A) bearing the ethoxy group is 
3.20 Å.  Ring contraction of only “syn”-2.8 or with a mixture of “syn” and 
“anti” 2.8 via sulfur extrusion under photochemical conditions4 resulted in a 
reversed conformational preference to form only “anti”-2.1 in a 30% yield. Its 
structure determined by X-ray crystallography is illustrated in Figure 2.2. The 
two benzenes rings in anti-2.1 are slide marginally more towards one another 
compared to those in anti-9
5
 possibly due to steric effect of the two opposite 
ethoxy groups. The two carbon atoms (C1-C1A) in closest proximity in anti-
2.1 is 2.733 Å apart similar to that observed for anti-9.
5
 Qualitatively, these 
two carbon atoms concerned in anti-2.1 are essentially lying one above 








2.2.2. Synthesis of 9,9-di-n-hexyl-2,7-diethynylfluorene (2.12). 
Scheme 2.2. Synthesis of compound 2.12. 
Reaction conditions: (i) 1-bromohexane, TBAF, aq NaOH, DMSO, room 
temperature, 6 h; (ii) Trimethylsilyl acetylene, PdCl2(PPh3)2, CuI, PPh3, i-
Pr2NH, reflux, 10 h; (iii) KOH, MeOH, THF, room temperature, 2h.  
For synthesizing compound 2.12, standard literature reported procedure
6
 was 
followed. Starting from commercially available 2,7 dibromofluorene, first di-
alkylation on 9,10 position with 1-bromohexane followed by sonogashira 
coupling with trimethylsilyl acetylene was successfully carried out to obtain 
compound 2.11, which was then treated with KOH in a mixed solvent system 
of methanol and tetrahydrofuran to obtain 2.12. The yield and reaction 








2.2.3. Synthesis of  1,4-diethynyl-2,5-dioctyloxybenzens (2.17). 
Scheme 2.3. Synthesis of compound 2.17. 
Reaction conditions: (i) 1-bromooctane, K2CO3, acetone, reflux, 3 d; (ii) I2, 
KIO3, acetic acid, H2SO4, H2O, reflux, 6 h; (iii) Trimethylsilyl acetylene, 
PdCl2(PPh3)2, CuI, PPh3, i-Pr2NH, reflux, 10 h; (iv) KOH, MeOH, THF, room 
temperature, 2h.  
Compound 2.17 was synthesized by literature reported procedure
7
. O-
alkylation on 2.13 with 1-bromooctane, followed by iodination gives 
compound 2.15, which was then put for sonogashira coupling with 
trimethylsilyl acetylene to give 2.16. By treating 2.16 with KOH in methanol 
and tetrahydrofuran gives desired product 2.17 with 90% yield.  
2.2.4. Synthesis of PPE copolymer (2.2) and PF copolymer (2.3). 
Copolymer 2.2 and 2.3 were synthesized by using sonogashira polymerization. 
Metacyclophane 2.1 was mixed with compound 2.12 or 2.17 in a mixed 
solvent system of degassed toluene and diisopropylamine in presences of 
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PdCl2(PPh3)2, CuI and PPh3.  The mixture was refluxed for 48 h under inert 
atmosphere. The crude polymer was purified by precipitation from MeOH 
followed by Soxhlet extraction with MeOH, acetone, CHCl3 and finally with 
THF to give PPE copolymer (as yellow solid) or PF copolymer (as red 
powder) with 55% or 62% yield respectively.  
 
 
Scheme 2.4. Synthesis of copolymers 2.2 and 2.3. 







2.2.5. Analysis of crystal structure. 
The single crystal of compound 2.8 was grown in benzene.  The X-ray 
crystallographic structure of compound 2.8 is shown in Figure-2.1. The crystal 
is monoclinic, space group C2/c . Final R values are R1=0.0303 and 
wR2=0.0765 for 2-theta up to 55º. Cell length a = 9.3242 Ǻ (7); b = 15.3951 
Ǻ (12); c = 15.0721 Ǻ (11). Cell angles are α = 90 , β = 103.39(2) and γ = 
90

. Cell volume = 2104.71 Ǻ3. Cell density = 1.636 Mg/m3.  Z  = 4. The 
crystal size is = 0.90 x 0.86 x 0.64 mm
3
 and its absorption coefficient is 4.062 
mm
-1
. The distance between the two carbon atoms (C8-C8A) bearing the 
ethoxy group is 3.208 Ǻ whereas the distance between the two carbon atoms 
(C2-C2A) bearing the Br atom is 3.665 Ǻ so the two phenyl rings in this 
compound are not exactly parallel to each other. The angle between the two 
planes of the two phenyl rings is 10.59

.  May be due to the steric reason, the 
distance between the two carbon atoms (C2 and C2A) which are bearing bulky 
Br atoms, is more than the distance between the other two carbon atoms (C8 




Figure 2.1a. X-ray crystallographic structure of syn-dithia[3.3] 
metacyclophane (2.8). 
The angle between C4-C5-S1 is 113

 whereas the angle within C5-S1-C6 is 
102.95

. The packing of crystal structure for compound 2.8 is shown in Fig-
2.1b,2.1c and 2.1d as its viewed from different axis. The average distance 
between the oxygen atom of ethoxy group of one molecule and the Br atom of 




Figure 2.1b. Crystal packing of syn-dithia[3.3] metacyclophane. 
 
Figure 2.1c and 2.1d. Crystal packing of syn-dithia[3.3] metacyclophane 
 
The X-ray crystallographic structure of compound 2.1 is shown in Figure-2.2a. 
The crystal was grown in CHCl3.  Unlike 2.8, the two phenyl rings in this 
metacyclophane 2.1 is in “anti” orientation. The crystal is triclinic, space 




Cell lengths are a = 7.2765 Ǻ (13), b = 7.6093 Ǻ (14), c = 9.2627 Ǻ (17). Cell 
angles are α = 90.977(4) , β = 91.366 (4) and γ = 113.189 (3). Cell volume is 
466.496 Ǻ3. Cell density is 1.617 Mg/m3. Crystal size is 0.80 x 0.64 x 0.20 
mm
3.  Z=1 and absorption coefficient = 4.353 mm
-1
. The distance between C1 
and C1A is 2.733 Ǻ. Qualitatively the two carbon atoms C1 and C1A are 
essentially lying one above another that could allow positive transannular 
orbital interaction. The angle between C6-C7-C11 is 110.92
.  It’s very 
interesting to note that in this metacyclophane the two phenyl rings are exactly 
parallel to each other.  
 
Figure 2.2a. X-ray crystallographic structure of anti-[2.2]metacyclophane 
(2.1). 
 
The crystal packing of compound 2.1 is shown in Figure-2.2b. It’s clearly seen 
that that the distance between the Br atom of one molecule and oxygen (of 




Figure 2.2b. Crystal packing of anti-[2.2]metacyclophane (2.1) 
 
2.2.6. Molecular weight distribution. 
The molecular weight of the two copolymers was measured using GPC 
analysis. THF was used as solvent and polystyrene was used as standard for 
molecular weight measurement. The summary of the molecular weights and 
polydispersity indices of copolymers 2.2 and 2.3 are listed in Table-1.1. 
So it has been proved clearly that although the range of molecular weight 
distribution was not very narrow but the molecular weights of two synthesized 







Table 2.1. Molecular weight distribution of copolymers 2.2 and 2.3. 
 
2.2.7. Optical properties of copolymers.  
The absorption and emission spectra of the synthesized copolymers were 
measured in dilute CHCl3 solution with a concentration of 0.5 mg/ml at room 
temperature. The results of the optical property measurements are summarized 
in Table-2.2.  
As in case of these copolymers we can determine only a range of molecular 
weight not the exact molecular weight. So we have taken the concentration of 
the polymer solution in a unit of mg/ml not in moles/litre.  So it’s more 
convenient to report the Molar extinction coefficient of the copolymers in a 
unit of cm
2




.   
Table 2.2. Optical properties of copolymers 2.2 and 2.3. 
 
Polymers Mn Mw Mw/Mn 
PPE (2.2) 25757 54278 2.10 











Band gap (eV) 
PPE 
(2.2) 
352 468 1.34 2.55 
PF (2.3) 346 440 1.12 2.27 
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As from the table-2 we can see that the absorption maxima of 2.2 is at 352 nm 
and that of 2.3 is at 346 nm, so during measuring their emission spectra, the 
excitation wavelength used for 2.2 and 2.3 was 352 nm and 346 nm 
respectively. The optical band gap was measured from the λonset of their UV-
absorption spectra.  All UV and PL spectra of the two copolymers are shown 
in Figure-2.3. 
Figure 2.3. Normalized UV and PL spectra of copolymers 2.2 and 2.3 
(CHCl3; 0.5 mg ml
−1
). 
2.2.8. Electrochemical properties of copolymers. 
As we know that the band gap obtained from the UV absorption spectra is not 
very accurate and we can’t determine separately the exact HOMO energy level 
and LUMO energy level from UV spectra. So to determine the exact HOMO 
and LUMO energy level of the copolymers and to obtain the accurate band 
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gap of the copolymers, their electrochemical properties were investigated by 
cyclic voltammetry (CV).   
The cyclic voltammogram depicted in Figure-2.4 and Figure-2.5 clearly 
indicates that the films of 2.2 and 2.3 showed irreversible n-doping and p-
doping processes. Their oxidation onset potentials were determined to be 1.44 
V and 1.36 V, respectively. Their reduction onset potential observed at –1.00 
V and –0.98 V. The HOMO and LUMO energy levels of the copolymers were 
determined by using the empirical formula EHOMO = -( Eox
onset 
+ 4.4) eV and 
ELUMO = ( Ered
onset




refers to the oxidation onset 
potential and Ered
onset 
refers to reduction onset potential. The HOMO and 
LUMO energy levels of compound 2.2 and 2.3 were estimated and 
summarized in Table 2.3.  
Cyclic voltammogram of Polymer 2.2 and 2.3 were measured in CH3CN 
containing Bu4NPF6 as supporting electrolyte using a Pt electrode (vs Standard 
Calomel Electrode) at scan rate 100 mV/s. 





Eonset (V) Energy levels (eV)  
Band gap 
(eV) 
p-doping n-doping HOMO LUMO 
PPE (2.2) 1.44 -1.00 -5.84 -3.40 2.44 
PF (2.3) 1.36 -0.98 -5.76 -3.42 2.34 
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E (V vs SCE)
 Cyclic Voltammogram of PPE 
 
Figure 2.4. Cyclic voltammogram of copolymer 2.2. 














E (V vs SCE)
 Cyclic Voltammogram of PF 
 
Figure 2.5. Cyclic voltammogram of copolymer 2.3. 
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The optical band gaps (Table-2.2) of the copolymers correspond well to the 
electrochemical band gap (Table-2.3) which is calculated from CV of the two 
copolymers.  
Now to investigate about the existence of transannular π-π interaction between 
the two phenyl rings in the metacyclophane unit of the copolymer 2.2 and 2.3, 
monomer 2.18 and 2.19 are employed as references. If there is no effective 
transannular interactions across the metacyclophane linkers, the polymer 
backbone of 2.2 and 2.3 would behave just same as “isolated repeating units” 






introduction of OR groups results in significant 
shifts in absorption and emission properties . Varying chain length in OR, 
however, does not lead to significant changes going from 2.18b to 2.18c.
11
 




 also seems to 
induce only marginal absorption and emission shifts.  
The absorption and emission spectra of copolymers 2.2 and 2.3 are illustrated 
in Figure 2.3. It is generally accepted that an extension of π-conjugation would 
result in a shift towards longer wavelength (red shift). The long-wavelength 
absorptions of 2.2 and 2.3 were observed at 352 nm (shoulder at 448 nm) and 
346 nm (shoulders at 401 and 512 nm), respectively (Figure 2.3; Table-2.2). 
These values are significantly shifted to shorter wavelength relative to those 
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observed for the paracyclophane-based polymers 1.7 and 1.8, ( The structure 
of compound 1.7 and 1.8 were shown in the general introduction chapter of 
this thesis ) respectively, consistent with a significant decrease in transannular 
effect in the metacyclophane-based polymers compared to paracyclophane 
based copolymer. A comparison to the corresponding UV absorptions for 
2.18a, b,c and 2.19a,b (Table-2.4) is inconclusive as to whether there is 
appreciable red shifts going from 2.2 to 2.18 or 2.3 to 2.19. Absorption spectra 
of both 2.2 and 2.3 however show (Figure 2.3) a long wavelength tailing 
extended to >550 nm. This is indicative of an appreciable transannular π-
orbital overlap
14
 via the metacyclophane resulting in extended π-conjugation 
in their polymer backbone.    
The comparative view for compound 1.7, 1.8, 2.2, 2.3, 2.18a-c, 2.19a-b in 
their UV absorption, PL, optical band gap and electronic band gap are 
summarized in Table-2.4. 
In Table-2.4, although it‘s shown that the UV absorption of compound 2.2 is 
almost same with the UV absorption of reference compound 2.18b/c and UV 
absorption of 2.3 is very similar to that of 2.19b, but the emission λmax of 2.2 is 
far red shifted compared to 2.18b/c, emission λmax of 2.3 is also significantly 
red shifted from 2.19b. This indicated that the energy gaps for 2.2 and 2.3 are 
smaller compared to 2.18b/c and 2.19b. The optical energy band gaps for 2.2 
and 2.3 were estimated
17,18 
to be 2.55 and 2.27 eV, respectively, based on the 
onset of π→π* transition in their absorption spectra. These values correspond 
well (Table 2.2) to the HOMO-LUMO band gap determined by CV described 
earlier. The optical band gaps for reference oligomers 2.18b,c and 2.19b were 
estimated based on the onset values in their reported absorption spectra and 
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summarized in Table 2.4. The band gaps for 2.2 and 2.3 are significantly 
smaller by 0.5−1.0 eV than those for 2.18b,c and 2.19b, respectively. This in 
turn serves as another strong evidence for transannular effect in the polymer 
backbone of 2.2 and 2.3 via appreciable π-π interactions in the 
metacyclophane units. 
Table 2.4. Comparative study of optical and electronic property of 
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 Ref. 15. 
c









 In dioxane. 
h
 Ref. 10. 
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 In THF. 
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In this project anti-metacyclophane based copolymers were successfully 
synthesized for the first time. The single crystal structure of the dithia syn-
metacyclophane and the  anti-metacyclophane moiety has confirmed that the 
stereo-chemical orientation of the two phenyl rings was reversed on removal 
of the two sulfur atoms. The electrochemical and absorption-emission 
properties of anti-metacyclophane-based copolymers 2.2 and 2.3 were 
examined. The long wavelength tailing in their absorption spectra and their 
red-shifted emission λmax compared to the reference monomers are indicative 
of appreciable extended π-conjugation in the polymer backbone. This is 
strongly supported by their considerably smaller optical band gaps compared 
to those of model oligomers. The observed results are however considered 
near the limit of transannular effect. This project has opened the door of a new 
opportunity for the researcher to use metacyclophane unit for extending the π-
conjugation in a copolymer backbone. 
 









C NMR spectra were recorded with Bruker ACF300 or DPX 300 or 
DPX 500 spectrometer in CDCl3 solvent. EI-MS mass spectra were recorded 
using a Micromass 7034E mass spectrometer. Elemental analysis was 
conducted with a Perkin-Elmer 240C elemental analyzer for C, H and S 
determination at the Chemical and Molecular analysis Centre, Department of 
Chemistry, National University of Singapore. GPC analysis were carried out 
using a Waters 515 HPLC pump with Waters 410 differential refractometer 
system calibrated using polystyrene as a standard and THF as eluent. UV-Vis 
and fluorescence spectra were obtained using a Shimadzu UV 3101PC UV-
Vis-NIR spectrometer and a Perkin-Elmer LS 50B luminescence spectrometer 
with a xenon lamp as light source respectively. Cyclic voltammetry (CV) 
experiments were performed using an Autolab potentiostat (model 
PGSTAT30) by Echochimie and data recorded in acetonitrile with 0.1 M 
tetrabutylammonium hexafluorophosphate as supporting electrolyte (scan rate 
of 100 mV s-1). The experiments were performed at room temperature with a 
conventional three electrode configuration consisting of an ITO working 
electrode, a platinum counter electrode and standard calomel electrode as 
reference electrode. Crystal data were collected on a Bruker APEX 
diffractometer attached with a charge-coupled device (CCD) detector and 
graphite-monochromated Mo Kα radiation (λ, 0.71073 Å) at 100 K. Suitable 
single crystals were chosen under optical microscope, mounted on glass fibers, 




All the commercially available compounds  and solvents were used as it is 
received from Aldrich or Fluka without further purification. Ether, toluene, 
triethylamine, THF and other specified anhydrous solvent were distilled under 
nitrogen atmosphere over calcium hydride or sodium. Other solvents (AR 
grade) were used without further purification if not specified.  
Synthetic procedure. 
Compound 2.5 
 K2CO3 (10.5 g, 76 mmol) was added to acetone (100 mL) and the suspension 
was stirred at room temperature. After 30 min, 4-Bromo-2,6-dimethyl phenol 
(5.04 g, 25 mmol) was added. The mixture was refluxed for 1 hour. 
Bromoethane (1.5 mL, 19 mmol) was then added slowly. The mixture was 
refluxed for 72 h under N2 atmosphere. The mixture was cooled to room 
temperature and filtered. Acetone was removed under reduced pressure and the 
residue was dissolved in CH2Cl2. Excess phenol was removed by washing the 
organic layer with NaOH solution. The organic layer was washed with water 
and dried over NaSO4. The crude product was chromatographed on silica gel 
using hexane as eluent to give the desired product (3.2 gm, 73%) 2.5 as 
colorless liquid.  
1
H-NMR (300 MHz) ppm)7.19 (s, 2H), 3.89 ( q, J = 7.0 Hz, 2H), 2.3 (s, 
6H), 1.49 (t,  J = 7.0 Hz, 3H);   
13








Compound 2.5 (5.1 g, 22 mmol) was dissolved in benzene (120 mL). Catalytic 
amount of benzoyl peroxide was added. The solution was heated to reflux by 
irradiating with a 120W  lamp. NBS (9.32 g, 52 mmol) was added to the 
solution in 3 portions at interval of 1 h. The mixture was refluxed for 30 h. 
The mixture was cooled to room temperature and filtered. The filtrate was 
evaporate to dryness. The residue was dissolved in CH2Cl2 and washed 
sequentially with aq NaHCO3, aq Na2S2O3 and water. After the organic 
fraction was dried over NaSO4, it was concentrated under reduced pressure. 
The crude product was recrystalised from mixed solvent system (ethyl acetate 
and hexane).   The pure compound 2.6 was crystallized out of the solvent 
system after cooling the solution at -30
0
 C. The desired product 2.6 was 







H-NMR (300 MHz) ppms, 2H), 4.46 (s, 4H), 4.18 (q, J = 7 Hz, 
2H), 1.52 (t, J = 7 Hz, 3H).  
13
C-NMR 
Mass EI: 385.8. (M
+
). 
Anal Calcd C10H11Br3O: C, 31.04; H, 2.87; Br, 61.96; Found: C, 31.12; H, 
2.56; Br, 61.93.   
Compound 2.7 
To a solution of thiourea (0.22 g, 3 mmol) in EtOH (10 mL), compound 2.6 
(0.51 g, 1.2 mmol) was dissolved and the mixture was refluxed for 6 hours. 
The mixture was cooled down to room temperature and the solvent was 
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removed under reduced pressure. The salt was dried and then it was boiled 
with 50% KOH (20 mL) aq solution for overnight. After cooling it to room 
temperature the solution was neutralized by 9M H2SO4. The compound was 
extracted with CH2Cl2 and dried over Na2SO4. The solvent was removed under 
reduced pressure. The crude product was recrystalised from EtOH to obtain 
0.23gm (64%) of pure 2.7 as low melting solid.  




 C.   
1
H-NMR (300 MHz) (ppm)7.31 (s, 2H), 3.95 (q, J = 7.0 Hz, 2H), 3.65 (d, J 
= 7.6 Hz, 4H), 1.85 (t, J = 7.6 Hz, 2H), 1.39 (t, J = 7.0 Hz, 3H).  
13
C-NMR (75 
MHz) Mass EI: 293.9. (M
+
). 
Anal Calcd C10H13BrOS2: C, 40.96; H, 4.47; Br, 27.25; S, 21.87; Found: C, 
41.15; H, 4.30; Br, 27.60; S, 21.38. 
Compound 2.8 
A solution of compound 2.6 (0.33 g, 0.8 mmol) and compound 2.7 (0.25 g, 
0.8mmol) in degassed benzene (150 mL) was added dropwise with stirring to 
a solution of KOH (0.47 g, 8 mmol) and ethanol (500mL). Then the mixture 
was stirred at room temperature for 24 h under inert atmosphere. After 
removing the solvent the solution was neutralised with 1N HCl. The 
compound was extracted with CH2Cl2 and dried over NaSO4. The solvent was 
removed and crude product was obtained with an overall yield of 52%.  
Actually this product was a mixture of 72% “Syn” and 28% “Anti” dithia 
cyclophane 2.8. By recrystalizing the crude from benzene, only pure “Syn” 









H-NMR (300 MHz) (ppm) 7.18 (s, 4H), 4.36 (d, J = 14.7 Hz, 4H), 3.61 
(q, J = 7.0 Hz, 4H), 3.31 (d, J = 14.7 Hz, 4H), 1.39 (t, J = 7.0 Hz, 6H). ; 
13
C –




Anal Calcd C20H22Br2O2S2 ; C, 46.34; H, 4.28; Br, 30.83; S, 12.37; Found; C, 
46.40; H, 3.92; Br, 30.86; S, 12.17.  
Compound 2.1 
Trimethylphosphite (50 mL) was added to dithiacyclophane 2.8 (0.1 g, 0.1 
mmol) in a pyrex glass. The solution was irradiated with UV lamp (350nm) 
for 24 h under inert atmosphere. After cooling it to room temperature the 
solvent was removed under reduced pressure. CH2Cl2 was added and organic 
fraction was separated after washing with water. Then the organic fraction was 
dried over Na2SO4 and after evaporating the CH2Cl2 the crude product was 
chromatographed on silica gel using hexane as eluent to give 0.026 gm (30%) 
of pure metacyclophane 2.1 as white solid.   
1
H-NMR (300 MHz) (ppm) 7.14 (s, 4H), 3.14 (q, J = 7.0 Hz, 4H), 2.67-2.52 
(m, 8H), 0.96 (t, J = 7.0 Hz 3H).;  
13
C-NMR (75 MHz) (ppm)157.3, 134.8, 




2,7 –dibromofluorene (10 g, 31 mmol) was dissolved into a mixture of 50% 
aqueous NaOH (10 mL) and catalytic amount of TBAF into DMSO (45 mL). 
A solution of 1-bromo hexane (12 g, 77 mmol) in DMSO (8 mL) was added to 
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the above mentioned solution of 2,7 dibromofluorene. The reaction mixture 
was cool down to room temperature and stirred for 6 h. Then the reaction 
mixture was poured into crushed ice and filter out the residue after stirring for 
15 min. The residue was dissolved into excess of DCM and the organic layer 
was extracted after washing the organic phase with dil HCl and water 
repeatedly. The organic solvent was removed under reduced pressure after 
drying over Na2SO4. The crude product was purified using column 
chromatography by using hexane as eluent. The pure product 2.10 (yield-75%) 
was obtained as colourless solid.  
1
H NMR (300 MHz) δ (ppm) 7.50-7.46 (m, 4H), 7.44-7.43 (m, 2H), 1.93-1.88 
(m, 4H), 1.16-1.03 (m, 12H), 0.75 (t, J = 7.0 Hz, 6H), 0.60-0.58 (m, 4H) ; 
13
C 
NMR (75 MHz) δ (ppm) 152.52, 139.03, 130.11, 126.13, 124.42, 121.09, 




A solution of trimethylsilyl acetylene (1.08 g, 11mmol) was slowly added to a 






(0.175 g, 0.25 mmol), CuI 
(0.047 g, 0.25 mmol) in triethylamine (50 mL) under nitrogen at room 
temperature. The reaction mixture was then stirred at 70
o
C for 8h. The solvent 
was then removed under reduced pressure and the residue was 
chromatographed on silica gel using hexane as eluent to obtain product as a 
yellow solid. Yield- 68%.  
1
H-NMR (300 MHz): δ (ppm) 7.59(d, J = 7.3, 2H), 7.44 (dd, J = 8.0 Hz, 1.0 
Hz, 2H), 7.40 (s, 2H), 1.95-1.90 (m, 4H), 1.13-1.00 (m, 12H), 0.76 (t, J = 7.0 
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Hz, 6H), 0.53-0.51 (m, 4H), 0.27 (s, 18); 
13
C-NMR (75 MHz) δ (ppm) 150.91, 
140.81, 131.18, 126.18, 121.73, 119.76, 106.06, 94.21, 55.19, 40.31, 31.49, 




An aqueous KOH solution (3 mL, 20%) was diluted with methanol (12mL) 
and added to a stirred solution of 2.11 (1.3 g, 2.5 mmol) in THF (20 mL). The 
mixture was stirred at room temperature for 2h and extracted with hexane. The 
organic phase was washed with water and dried over sodium sulfate. The 
crude product was chromatographed on silica gel using as hexane as eluent to 
give the desired product as a thick oil. Yeild:-92%. 
 
1
H NMR (300 MHz) (ppm) 7.57 (d, J = 7.8 Hz, 2H), 7.42-7.36(m, 4H), 
3.08(s, 2H), 1.89-1.84(m, 4H), 1.05-0.97(m, 12H), 0.72(t, J=6.7Hz, 6H), 0.67-
0.50(m, 4H);  
13
C-NMR (75 MHz) δ (ppm)  

 
Mass EI: 382.3 (M
+
). 
Anal Calcd C29H34: C, 91.04; H, 8.96; Found: C, 90.70, H, 8.48. 
Compound-2.14 
The mixture of hydroquinone (0.88 g, 8 mmol), potassium carbonate (5.5 g, 40 
mmol), 100 mL of DMF and 1-bromooctane (3.5 g, 18 mmol) was stirred for 6 
h at 80 
0
C.  Then it was poured into water and extracted with ethyl acetate. 
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The organic layer was dried over anhydrous sodium sulfate and the solvent 
was removed under reduced pressure. The residue was recrystallized from 
ethanol to give white crystals as the product. Yield: (66%).  
1
H NMR (300 MHz) δ (ppm) 6.80 (s, 4H), 3.87 (t, J = 6.0 Hz, 4H), 1.80-1.68 
(m, 4H), 1.44-1.28 (m, 20H), 0.91-0.86 (m, 6H); 
13
C-NMR (75 MHz) δ (ppm) 
153.20, 115.40, 68.68, 31.78, 29.38, 29.35, 29.20, 26.03, 22.61, 14.03.  




Iodine (0.4 g, 1.6 mmol) and Potassium iodite (0.12 g, 0.5 mmol) were added 
to a solution of compound 2.14 (0.5 g, 1.5 mmol) into acetic acid (20 mL). 
Conc H2SO4 (0.2 mL) and water (2 mL) were added to this reaction mixture. 
The mixture was refluxed for 6 h and then cool down to room temperature. 
20% aqueous Na2S2O3 was added to this reaction mixture until the brown 
iodine colour was gone. Then the precipitate was collected and dissolved into 
DCM. The organic phase was washed with NaOH (aqueous) solution and was 
extracted out. After drying over sodium sulphate, the organic solvent was 
removed under reduced pressure and the crude product was recrystalised from 
EtOH to give compound 2.15 as white solid. Yield- 80%.    
1
H NMR (300 MHz): δ (ppm) 7.08 (s, 2H), 3.94 (t, J = 6.0 Hz, 4H), 1.81-1.76 
(m, 4H), 1.58-1.20 (m, 20), 0.90-0.86 (m, 6H); 
13
C NMR (75 MHz): δ (ppm) 
150.11, 118.58, 111.17, 70.24, 31.73, 29.90, 29.36, 29.19, 25.89, 22.58, 14.00. 





A solution of trimethylsilyl acetylene (1.08 g, 11mmol) was slowly added to a 






(0.175 g, 0.25 mmol), CuI 
(0.047 g, 0.25 mmol) in triethylamine (50 mL) under nitrogen at room 
temperature. The reaction mixture was then stirred at 70
o
C for 7h. The solvent 
was then removed by vacuum and the residue was chromatographed on silica 
gel using hexane as eluent to obtain the product as a yellow solid. Yield: 75%.  
1
H NMR (300 MHz) δ (ppm) 6.89 (s, 2H), 3.94 (t, J = 7.5 Hz, 4H), 1.81-1.76 
(m, 4H), 1.49-1.28 (m, 20H), 0.90-0.86 (m, 6H), 0.25 (s, 9H). 
13
C NMR (75 MHz): δ (ppm) 151.42, 118.33, 112.31, 106.41, 98.02, 68.32, 
31.82, 29.42, 29.36, 29.14, 26.24, 22.28, 14.26.  




An aqueous KOH solution (3 mL, 20%) was diluted with methanol (12 mL) 
and added to a stirred solution of 2.16 (1.3 g, 5mmol) in THF (22 mL). The 
mixture was stirred at room temperature for 2h and extracted with hexane. The 
organic phase was washed with water and dried over sodium sulfate. The 
crude product was chromatographed on silica gel using as hexane as eluent to 
give the desired product as a light yellow solid. Yield: 90%. 
1
H-NMR (300 MHz)  6.98 (s, 2H), 4.01 (t, J = 6.5 Hz, 4H), 3.36 (s, 2H), 





MHz) (ppm) 153.9, 117.7, 113.2, 82.3, 69.6, 31.7, 29.2, 29.1, 29.0, 25.8, 
22.6, 14.0.  Mass EI: 382.3. (M
+
). 
Anal Calcd C26H38O2: C, 81.62; H, 10.01; Found: C, 81.39; H, 10.52.  
Synthesis of PPE copolymer (2.2).  
Metacyclophane 2.1 (0.025 g, 0.05 mmol), 1,4-diethynyl-2,5-
bis(octyloxy)benzene (2.17) (0.021 g, 0.05 mmol), PdCl2(PPh3)2 (3 mg, 0.005 
mmol), CuI( 0.9 mg, 0.005 mmol) and PPh3(2 mg, 0.01 mmol) were added to 
a mixture of degassed toluene (6 mL) and diisopropylamine (2 mL). The 
mixture was vigorously stirred at 70
0
 C for 48 h in inert atmosphere. After 
cooling the mixture at room temperature, it was extracted with chloroform. 
After concentrating the mixture, it was poured slowly to excess cold methanol. 
The precipitated yellow solid was washed with water and methanol 
successively. The product was further washed with acetone in a Soxhlet 
apparatus for 24 h to remove oligomers and catalyst residue. The acetone 
insoluble fraction was further washed with CHCl3 in Soxhlet apparatus for 12 
h. Finally soxlet extraction was done with THF to obtain only the high 
molecular weight polymer chain. Then organic solvent was removed under 
reduced pressure to get pure polymer which was dried under vacuum at room 
temperature. Yield- 55%.  
1
H-NMR (300 MHz)   (ppm) 7.70 (br, s), 7.39 (br, s), 4.27-3.64 (br, m), 
2.34-2.03(br, m), 1.67-0.87(br, m), 0.26(br, m). 
FT-IR (cm
-1
): 3021 (Aromatic C-H stretching), 2963 ( Alkyl chain -CH2, -CH3 
stretching), 2247 ( -Alkynes stretching), 1523-1602 ( Aromatic -C=C 
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stretching), 1263 ( -C-O-C asymmetric stretching), 1006 ( -C-O-C symmetric 
stretching).  
 
Synthesis of PF copolymer (2.3).  
Metacyclophane 2.1 (0.025 g, 0.05 mmol), 2,7-diethynyl-9,9-dihexyl-9H-
fluorene (2.12) (0.021 g, 0.05 mmol), PdCl2(PPh3)2 (3 mg, 0.005 mmol), CuI( 
0.9 mg, 0.005 mmol) and PPh3(2 mg, 0.01 mmol) were added to a mixture of 
degassed toluene (6 mL) and diisopropylamine (2 ml). The mixture was 
vigorously stirred at 70
0
 C for 48 h in inert atmosphere. After cooling the 
mixture at room temperature, it was extracted with chloroform. After 
concentrating the mixture, it was poured slowly to excess cold methanol. The 
precipitated red solid was washed with water and methanol successively. The 
product was further washed with acetone in a Soxhlet apparatus for 24 h to 
remove oligomers and catalyst residue. The acetone insoluble fraction was 
further washed with CHCl3 in Soxhlet apparatus for 12 h. Finally soxlet 
extraction was done with THF to obtain only the high molecular weight 
polymer chain. Then organic solvent was removed under reduced pressure to 
get pure polymer which was dried under vacuum at room temperature. Yield- 
62%.  
1
H-NMR (300 MHz)  (ppm) 7.70-7.63 (br, m), 7.48-7.43 (br, m), 6.97(br, s), 
3.76-3.72 (br, m), 2.26-2.03 (br, m), 1.86-1.84(br, m), 1.25-1.22 (br, m), 0.87-
0.85 (br, m).  
FT-IR (cm
-1
): 3020 (Aromatic C-H stretching), 2902 ( Alkyl chain -CH2, -CH3 
stretching), 2249 ( -Alkynes stretching), 1523-1601 ( Aromatic -C=C 
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As it’s mentioned in the general introduction chapter of the thesis that a 
cyclophane is a molecule that possesses layered aromatic moieties or a 
molecule that has bridges across the plane of aromatic moieties. So far we 
have discussed about different types of the two bridged cyclophanes. In the 
chapter-1 of this thesis, we have mentioned about metacyclophane based 
copolymer and that metacyclophane also contains two bridges between the 
two phenyl rings. But the cyclophane cannot be restricted to this particular one 
type. In another class of cyclophane type of molecule, the two aromatic 
moieties can be held face to face by using three bridges instead of two bridges.  
First, Vogtle et al have reported the synthesis of this particular type of macro 
cycle ( compound 3.1) where the two aromatic groups are held together with 
the help of three bridges
1
. Similar to the compound 3.1, another triply bridged 
cyclophane 3.2 was also reported by the same group
2
. By using the high-
dilution coupling condition between thiol compound 3.3 and the halide 3.4, the 
triply-clamped triphenylamine 3.5 was synthesized where both the aromatic 
moieties (3.3 and 3.4) are containing a electron donor ( nitrogen on one side 
and –CH3 on the other side) at their centre. (scheme-3.1). 
Other than having a special transannular interaction, a cyclophanes may 
contain molecular cavities which can be used as an inclusion of smaller ions. 
Cyclophanes are also able to stabilize unusual oxidation states due to the 
bridges that they contain
4
. The size of the cavity of the cyclophane is an 
important factor in determining the type of metal ion that can be trapped. An 
ion that is much smaller than the size of the cavity will move into and out of 
the cavity easily and thus is not retained. Only if the ion is retained in the 
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cavity, it is able to remove the fluorescence of the cyclophane. So, only metal 
ion of a particular size and type is able to be trapped in the cavity of a 
cyclophane. The cavity of a three bridged cyclophane is definitely more 
efficient to trap a metal ion compared to a double bridged cyclophane. 
 







 Wang and co-workers have also reported a macrobicyclic 
system that can coordinate with Cu(I) ion
5b
. Recently Hu et al have reported 
an oxacalixarene system that can complex with fullerenes C60 and C70 inside 
its expanded cavity
5c
. Many such kind of multi bridged macro cyclic systems 
have been reported in literature in recent years
5d-h
.  
  So this ability of certain cyclophane to act as a metal ion sensor by trapping 
selective metal ion inside it’s cavity, has given us an opportunity to design and 
synthesis a particular type of triply bridged or triply clamped cyclophane 
which can be used as a metal ion sensor.  
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Now the choice of aromatic moiety to be used for preparing the triply bridged 
cyclophane is crucial. Song el al has reported a triphenylamine based double 
bridged cyclophane 3.7 as organic field effect transistor
6
.   
Scheme 3.1. High dilution coupling condensation for the synthesis of 3.5. 
 
In this project, instead of using the conventional triphenylamine unit, a 
modified version of triphenylamine, bridged triphenylamine unit is used.   
It’s already reported in literature that the three C-N bonds in triphenylamine is 
in one common plane
7
. So the π-conjugation is there through the lone pair of 
electron of the nitrogen atom
8. But the π-conjugation over the whole molecular 
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frame work may be very poor because of the large dihedral angle between the 
plane of the phenyl ring and the plane that contains N-bonded carbon atoms
9
. 
So the extent of π-conjugation over the whole molecular frame work can be 
enhanced by increasing the planarity of the molecule. One best possible way 
to achieve this goal of increasing the planarity of the molecule is to lock the 
rotation of the three phenyl rings of the triphenylamine system. The rotation 
can be locked by putting methylene bridges between the phenyl rings. So the 
methylene bridges across the phenyl rings in the proposed structure of bridged 
triphenylamine 3.8 will not only give a good planarity of the molecule but also 
help to increase the solubility of the compound in the organic solvents.  
 
Another way to lock the rotation of the three phenyl rings is to put the 
carbonyl bridges instead of methylene bridges across the phenyl rings (as it’s 
shown in structure 3.9). But the carbonyl bridges does not help at all to 
increase the solubility of the molecule. So, the researchers have already faced 
difficulty to study the electrochemical property of the compound 3.9 due to its 
low solubility in suitable organic solvents.
10 
The single crystal structure of the bridged triphenylamine 3.8 is shown in 
figure in 3.1. The results of single crystal X-ray analysis has already been 
reported in details by our group
12
. It was seen from the single crystal X-ray 
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analysis that the mean value of the dihedral angle between the phenyl rings 
and the plane of the central carbon atoms of 3.8 is only about 6.8
0 12b
, much 
smaller than those angles for triphenylamine which is about 43
0
. So, the X-ray 
results is a direct prove that the bridged triphenylamine has a much planner 
structure compared to triphenylamine
12b
.  
So the compound 3.8 has been chosen as the electron donating aromatic 








Figure 3.1. Single crystal structure of compound 3.8
12
. 
So for this section of our work, our main aim is to synthesize the bridged 
triphenylamine compound 3.8 and then to synthesize the triple clamped 
cyclophane 3.10 where the two units of aromatic moiety 3.8 are held together 
face to face with three bridges. Finally to screen the compound 3.10 against 
different metal ions and to check whether the cyclophane 3.10 can be used as 




3.2. Results and Discussions.  
3.2.1. Synthesis of bridged triphenylamine (3.8) 
The synthesis of bridged triphenylamine was first reported
11
 by using the 
methyl lithium as the source of methyl group. But the modified synthetic 
method for bridged triphenylamine was first reported by our group
12
.  Here the 
same literature reported
12
 procedure has been followed for synthesizing the 
bridged triphenylamine 3.8.  
Scheme 3.2. Synthesis of compound 3.8. 
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 Reaction conditions: (i) K2CO3, Cu, CuI, Diphenyl Ether, 200
 0
C, 48h (ii) 
CH3MgI, Toluene, 60 
0
C, 24h; (iii) H3PO4, r.t, 2h. 
The synthetic scheme for compound 3.8 is depicted in scheme 3.2. The 
Ullmann coupling reaction between the commercially available 2 iodo methyl 
benzoate and methyl anthranilate using copper catalyst gave a fair yield of the 
tris-ester compound 3.12. The previous literature
11
 has shown the use of 
highly reactive methyl lithium to react with the tris-ester 3.12  for synthesizing 
the compound 3.13. But in our modified synthetic method
12
, the methyl 
magnesium iodite has been used instead of methyl lithium.  The nuleophilic 
attack of the excess methyl magnesium iodite on the ester carbonyl of the 
3.12, gave a crude mixture of compound 3.13 along with a large numbers of 
by-products. After separating compound 3.13 from it’s by-products by column 
chromatography, it was dispersed in phosphoric acid medium. After stirring 
the mixture for 2 h at room temperature, the TLC confirms the disappearance 
of all the starting materials. It has also been observed that the crude mixture of 
3.13 can be used directly (without further purification) for the next step to 
obtain the compound 3.8.  
The mechanism for the conversion of the tris–alcohol 3.13 to the compound 
3.8 in acid medium is depicted in scheme 3.3.  
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Scheme 3.3. Mechanism for the Synthesis of 3.8. 
After putting the tris-alcohol 3.13 into the acid medium, the three –OH group 
is get protonated and after the three molecules of water is get eliminated, the 
carbocation intermediate is generated. The carbocation is stable because it’s 
tertiary as well as benzylic in nature. In the final step after the cyclization 
followed by re-aromatization, the final compound 3.8 is generated.   
3.2.2. Synthesis of tris-formyl compound 3.15. 
For the tris-formylation of bridged triphenylamine 3.8 to 3.15, the Vilsmeier-
Haack formylation condition has been employed. Although, the Vilsmeier-
Haack formylation condition is applicable only for the activated arene system, 
our activated bridged triphenylamine 3.8 could not be convert to 3.15 directly 
in single step even after using excess of POCl3/DMF. Mallegol et al  has also 
mentioned about the same difficulty to obtain tris-formyl triphenylamine by 
doing the direct three fold formylation on triphenylamine
13
. So, first the di-
formylation was done on simple triphenylamine and then it was converted to 
the tris-formyl derivative
13
. So the similar path way was followed to 
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synthesize the compound 3.15. First, the intermediate 3.14 was obtained by 
doing di-formylation of 3.8 by POCl3/DMF. Then further formylation on 3.14 
by POCl3/DMF gave the pure tris-formyl derivative 3.15. (Scheme-3.4).   
Scheme 3.4. Synthesis of compound 3.15. 
Reaction conditions: (i) POCl3, DMF, 95 
0




3.2.3. Synthesis of tris(bromo methyl) compound (3.17) 
The reduction of the tris-aldehyde 3.15 to the tris alcohol 3.16 has been carried 
out by using conventional reducing agent NaBH4 in methanol. By carrying out 
the reaction at room temperature, the product was obtained with a low yield ( 
yield- 46%) but the yield has been improved (yield-88%) by carrying out the 
reaction at elevated temperature. It was also observed that the yield was much 
better if the NaBH4 was added in batches instead of adding all in one go.  
The synthesis of the compound 3.17 from 3.16 was not very straight forward. 
The conventional bromination conditions like PBr3 in dry benzene
14
 or 48% 
conc HBr
15
 has been employed and proved to be not fruit-full for getting the 
tris (bromo methyl) compound 3.17.   
Instead of using the aqueous HBr solution, the HBr gas has been employed to 
obtain the compound 3.17. (Scheme-3.5) 
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Scheme 3.5. Synthesis of compound 3.17. 
Reaction conditions: (i) NaBH4, MeOH, 80 
0
C, 12h; (ii) HBr (gas), CHCl3, 
r.t, 30h; (iii) PBr3/ dry benzene, r.t, 8h; (iv) 48% HBr, reflux, 12h.  
First the HBr gas was generated by dropping the aqueous HBr solution over 
the phosphorous pent oxide. Then the HBr gas was further dried by passing it 
again over another bed of phosphorous pent oxide. Finally the HBr gas was 
bubbled through a CHCl3 solution of 3.16.  
After making the solution saturated with HBr (indicated by the change of color 




Scheme 3.6. Synthesis of compound 3.18. 
Reaction conditions: (i) (NH2)CS, THF, 70 
0




3.2.4. Synthesis of tris thiol compound (3.18). 
The tris thiol compound 3.18 was obtained by first converting the tris-bromo 
compound into the iso-thio-uranium salt followed by hydrolysis of the salt in 
base medium. Typical solvent used for the first step (making of iso-thio-
uranium salt from the bromide) in this type of reaction is ethanol
15
.  But 
because of the highly activated bridged triphenylamine system, the three 
bromo-methyl groups in 3.17, are very labile. So the use of protic solvent may 
induce the hydrolysis of the bromide 3.17 to give back compound 3.16.  Even 
the presence of a trace amount of water in the reaction medium may also 
promote the hydrolysis of the highly labile bromide in 3.17. So keeping these 
factors in mind, instead of using protic solvent ethanol, aprotic solvent THF 
was used for making iso-thio-uranium salt. Then for doing the hydrolysis of 
the salt, use of a strong base (50% aqueous KOH) has been reported in 
literature.
15
 But in our case, it was noticed that the use of KOH lead to 
decomposition or degradation of the product. So instead of using strong base, 
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an aqueous solution of 2 (M) Na2CO3 has been used for getting the tris-thiol 
compound 3.18 by doing the hydrolysis of the salt. (Scheme-3.6) 
3.2.5. Synthetic approach to Trithia-Bridged Triphenylaminophane (3.10) 
Scheme 3.7. Synthetic approach for compound 3.10 
     Reaction conditions: (i) Cs2CO3, THF, 60
0
 C, 36 h or KOH, THF, r.t 48 h. 
The synthetic attempt has been taken for synthesizing the triple clamped 
trithia-bridged triphenylaminophane (3.10) by performing high dilution 
coupling reaction between the tri bromo compound 3.17 with the tris-thiol 
compound 3.18. The choice of base and choice of solvent is very critical 
factors for doing the high dilution coupling reaction.  
Normally in the high dilution coupling reaction
15
, first the bromide and the 
thiol are dissolved into benzene and then the benzene solution is dropped into 
a large amount of ethanol containing small amount of KOH in a very slow rate 
over a long period of time. The high dilution coupling is done to minimize the 
possibility of the polymerization.   
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The choice of solvent was very critical for this reaction. Our bridged 
triphenylamine was highly electron donating so the three bromo-methyl group 
was very labile. So the use of protic solvent ethanol may lead to hydrolysis or 
ethanolysis of the compound 3.17.  So the use of ethanol was avoided. Instead 
of ethanol, THF has been used.  
Sendhoff et al have reported
16
 the use of Cs2CO3 as the base for high dilution 
coupling for the synthesis of triple-decker phane. It’s because of the fact that 
the cesium ion is bigger in size and hence it’s bonded to the thiolate anion 
very loosely. So it makes the thiolate anion to be relatively more reactive for 
the SN
2
 type attack. 
So keeping these facts in mind, the high-dilution coupling is performed in 
THF solvent using Cs2CO3 as base.  
First 0.05 mmol of the 3.17 and 0.05 mmol of the 3.18 were dissolved together 
into 10 ml of benzene. After degassing the benzene solution, it was added drop 
wise into a 120 ml solution of THF containing aqueous Cs2CO3. After 
completion of addition, the solution was heated for 36 h. Then after 
evaporating all the solvent from the reaction mixture, the yellow crude residue 
was checked for the presence of the desired cyclophane 3.10. Unfortunately 
the crude mass and crude NMR does not indicate the formation of even trace 
amount of desired compound. 3.10.   
By changing the base from Cs2CO3 to KOH and repeating the reaction at room 
temperature, does not lead to any fruitful results.  
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The reason for the failure of the reaction may lies in the nature of the high-
dilution coupling reaction and the nature of our central core electron donor 
bridged triphenylamine system 3.8.  Because of the high possibility of the 
polymerization as the side reaction, normally the high-dilution coupling 
reaction gives very low yield even for the synthesis of the doubly bridged 
cyclophane type system. In case of the three sides coupling
3,16
 the yield is even 
poorer. So to compensate the low percentage yield of the product, the high-
dilution coupling reaction is generally performed by taking large scale of the 
starting materials. In this project, because of the long and complicated 
synthetic route, it was beyond our ability to accumulate the starting material 
3.17 and 3.18 in very large scale.  
At the end of the reaction, we could not isolate even trace amount of either of 
the un-reacted starting material 3.17 or 3.18. Oxidation of thiol to di-sulfide 
(S-S) which ultimately leads to polymerization of the thiol 3.18 with itself 
(this process is facilitated by the electron donating nature of the bridged 
triphenylamine) and the hydrolysis of the highly labile bromides 3.17 may 
lead to the total consumption of the two compounds.  
3.3. Conclusion  
In this section of our work, a synthetic approach has been taken to synthesize a 
triply clamped cyclophane by connecting two units of bridged triphenylamine 
moieties with the help of three bridged across them. A detail investigation has 
been done to optimize the entire synthetic route towards the synthesis of two 
novel precursors those are needed for doing high-dilution coupling for making 
the final trithia-bridged triphenylaminophane. Although we were unable to 
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achieve our targeted trithia-bridged triphenylaminophane (3.10), we have 
successfully achieved the two precursors (3.17 and 3.18) those are needed for 
synthesizing the final cyclophane 3.10. The synthetic route and procedure for 
synthesizing two novel compounds, tri-bromo 3.17 and tris-thiol 3.18 were 
successfully optimized. So this project was very important from its synthetic 
point of view.  Being a novel electron donor, the bridged triphenylamine 3.8 
and it’s derivative 3.17, 3.18 have the potentiality to emerge as useful building 
block for organic electronics and supra molecular architecture.   
 




C NMR spectra were recorded with Bruker ACF300 or DPX 300 or 
DPX 500 spectrometer in CDCl3 solvent. EIMS mass spectra were recorded 
using a Micromass 7034E mass spectrometer. Elemental analysis was 
conducted with a Perkin-Elmer 240C elemental analyzer for C, H and S 
determination at the Chemical and Molecular analysis Centre, Department of 
Chemistry, National University of Singapore. 
All the commercially available compounds and solvents were used as it is 
received from Aldrich or Fluka without further purification. Ether, toluene, 
triethylamine, THF and other specified anhydrous solvent were distilled under 
nitrogen atmosphere over calcium hydride or sodium. Other solvents (AR 







Methyl anthranilate (2 g, 0.01 mol), 2-iodo methyl benzoate (8.6 g, 0.03 mol) 
were mixed together into Diphenyl ether (30 mL). The mixture was degassed 
for 15 min. Then K2CO3 (6 g, 0.04 mol), Cu powder (0.2 g, 0.003 mol) and 
CuI (0.4 g, 0.002 mol) were added to this reaction mixture and the whole 
mixture was refluxed at 200 
0
C for 48h under nitrogen atmosphere. After 
cooling it down to room temperature, the solvent was removed by vacuum 
distillation and the crude mixture was chromatographed on silica gel using 5% 
Ethyl acetate and 95% Hexane as eluent to give the desired product as white 
solid.  Yield- 63%. 
1
H NMR (300MHz, CDCl3)  (ppm) 7.58 (m, 3H), 7.33 (m, 3H), 7.02 (m, 
6H), 3.35 (s, 9H); 
13
C NMR (75MHz, CDCl3)  (ppm) 167.1, 146.8, 132.0, 
131.0, 127.1, 126.0, 123.3, 51.5; Mass-EI: 419.0. 
Compound 3.13 
3 Neck round bottle flask was fitted with a reflux condensor and dropping 
funnel, CH3MgI (2 mL, 0.0047 mol) was added inside the flask by means of 
niddle  and syringe under  inert atmosphere. Compound 3.12 (0.2 g, 0.4 mmol) 
was dissolved into dry toluene (20 mL) and the toluene solution was added 
slowly through the droping funel to the same flask containg CH3MgI with 
constant stirring. After the addition was completed, the reaction mixture was 
refluxed for 28 h at 60 
0
C under innert atmosphere. After cooling it down to 
room temperature the whole reaction mixture was poured carefully into a 
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mixture of ice water and concentrated H2SO4. The mixture was extracted with 
ethyl acetate and after separating the organic phase it was dried over Na2SO4 
and filtered. Then the organic solvent was removed under reduced pressure to 
give the crude product which was purified by column chromatography on 
silica gel to give pure alcohol 3.13  as colourless solid. Yield- 29%.  
1
H-NMR (300MHz, CDCl3)  (ppm) 7.30 (m, 3H), 7.05 (m, 6H), 6.62 (m, 
3H), 5.39 (s, 3H), 1.63 (s, 9H), 0.83 (s, 9H);  
13
C-NMR (75MHz, CDCl3)  
(ppm) 148.8, 142.5, 129.8, 129.5, 127.0, 124.5, 73.9, 34.4, 30.1;  
Mass-EI: 419.2. 
Compound 3.8  
Compound 3.13 was dispersed into 85% H3PO4 and stirred at room 
temperature for 2 h. Then it was neutralized with aqueous NaOH and extracted 
with DCM. After drying the organic phase over Na2SO4 the organic solvent 
was removed under reduced pressure and the crude product was 
chromatographed over silica gel using hexane as eluent to give the pure 
product as white solid. Yield- 51%. 
1
H NMR (300MHz, CDCl3)  (ppm) 7.37 (d, 6H), 7.12 (tr, 3H), 1.63 (s, 18H);  
13






Anal. Calcd C27H27N: C, 88.72; H, 7.45; N, 3.83;  Found: C, 88.30; H, 7.36; 









Dry DMF (0.2 mL, 2.5 mmol) was added to a 2 neck round bottle flask fitted 
with a reflux condenser and it was cooled down to 0 
0
C. Then POCl3(0.25 mL, 
2.7 mmol) was added to the dry DMF under inert atmosphere maintaining the 
temperature at 0 
0
C. The mixture was stirred at 0 
0
C for 1 h. After 1 h, the 
bridged triphenylamine (BTPHA) 3.8 (0.04 g, 0.1 mmol) was added to the 
reaction mixture at 0 
0
C. Then slowly the temperature of the reaction vessel 
was increased up to 95 
0
C and the mixture was stirred at this temperature for 
4h under inert atmosphere. After cooling it down to room temperature, the 
reaction mixture was poured into ice water and basified with aqueous NaOH. 
Then it was extracted with DCM. After evaporation DCM under reduced 
pressure the crude product was filtered through a small pad of silica gel and 
washed with DCM until the filtrate became colorless. Then the DCM was 
removed from the filtrate and the residue was dried under high vacuum pump. 
The crude dialdehyde 3.14 was collected and was used for the next step 
without further purification and characterization.   
Compound 3.15 
Dry DMF (0.15 mL, 1.9 mmol) was taken into a 2 neck round bottle flask 
fitted with a reflux condenser and it was cooled down to 0 
0
C under inert 
atmosphere. POCl3 (0.2 mL, 2.0 mmol) was added to this DMF. All the 
amount of the di-aldehyde 3.14 that was obtained from the previous step was 
added to this mixture of DMF and POCl3 maintaining the temperature of the 
reaction vessel at 0 
0
C. Then slowly, the temperature of the reaction mixture 
was increased to 95 
0
C and mixture was refluxed at this temperature for next 2 
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h. The mixture was cooled down to room temperature and it was slowly 
poured into ice water mixture before basifying it by aqueous NaOH solution.  
Then the compound was extracted with DCM and after drying the organic 
phase over Na2SO4, the DCM was removed under reduced pressure to get the 
crude product as thick oil. The crude product mixture was then purified by 
column chromatography to get the pure tri-aldehyde as yellow solid. Yield- 
48%. 
1
H NMR (300MHz, CDCl3)  (ppm) 9.98 (s, 3H), 7.98 (s, 6H), 1.71 (s, 18H).  
13
C NMR (75MHz, CDCl3)  (ppm) 190.7, 135.3, 132.7, 131.1, 125.5, 35.6, 




Tri-aldehyde 3.15 (0.05 g, 0.1 mmol) was dissolved into MeOH (10 mL). The 
solution was heated at 75 
0
C. Then NaBH4 ( 0.06 g, 1.0 mmol) was added to 
this reaction mixture. The whole amount of NaBH4 was added to the reaction 
mixture in 3 different batches at an interval of 1 h. After the addition of all the 
NaBH4 was finished, the mixture was refluxed for another 12 h. After cooling 
it down to room temperature, the solvent was removed under reduced pressure 
and water was added to the crude mixture. Then the solution was neutralized 
by adding 1N HCl to adjust the pH of the solution at 7. Then it was extracted 
with ethyl acetate. After evaporation of the organic solvent the crude product 
was chromatographed over silica gel to obtain the pure product as yellow 
solid. Yield- 88%. 
1
H NMR (300MHz, CDCl3)  (ppm) 7.38 (s, 6H), 4.71 (s, 6H), 1.64 (s, 18H); 
13
C NMR (75MHz, CDCl3)  (ppm) 135.0, 131.3, 129.9, 122.4, 65.4, 35.6, 
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33.0. EI-MS (m/z) = 440.2. Anal Calcd for C29H30NO3: C, 79.09; H, 7.30; N, 
3.07; Found C, 79.4; H, 7.22; N, 2.95. 
Compound 3.17 
Tris- alcohol 3.16 (0.02 g) was dissolved into CHCl3 (15 mL). Then HBr (gas) 
was slowly bubbled through this solution until the colour of the solution was 
changed from green to purple red. After the solution became saturated with 
HBr and the color of the solution was changed to purple, the bubbling was 
stopped. Then the solution was stirred at room temperature for 30h. After 30h, 
saturated aqueous solution of NaHCO3 was added slowly to the reaction 
mixture, until the color changed from purple to green and the pH of the 
solution reached to ~ 7.  Organic layer was washed with brine and then 
organic layer was separated and dried over Na2SO4.  The pure tris bromo 
compound 3.17 was obtained after evaporating the organic layer under 
reduced pressure. Yield- 42%. 
1
H NMR (300MHz, CDCl3)  (ppm) 7.40 (s, 6H), 4.59 (s, 6H). 1.64 (s 18H); 
13
C NMR (75MHz, CDCl3)  (ppm) 132.3, 131.6, 130.2, 124.4, 35.6, 34.5, 
33.0.  
EI-MS (m/z) 643.0. 
Compound 3.18 
The tri-bromo compound 3.17 (0.027 g, 0.04 mmol) and thio-urea (0.019 g, 
0.25 mmol) were dissolved together into dry and degassed THF (10 mL). The 
reaction mixture was refluxed at 70 
0
C for 4 h. After cooling it down to room 
temperature, the THF was evaporated under reduced pressure to get the iso-
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thio uranium salt as residue. This salt was dissolved into 2M aqueous Na2CO3 
solution (20 mL). After degassing the solution for 30 min, the mixture was 
refluxed for 4 h at 100 
0
C. After cooling it down to room temperature, the 
solution was acidified ( pH 3-4) with dilute H2SO4. Then the product was 
extracted with DCM. After drying the organic layer with Na2SO4, the organic 
solvent was evaporated under reduced pressure to obtain the pure tris-thiol as 
white solid. Yield- 25%.   
1
H NMR (300MHz, CDCl3)  (ppm) 7.31 (s, 6H), 3.80 (d, J= 7.3 Hz, 6H), 
1.80 (t, J= 7.3 Hz, 3H). 1.62 (s, 18H); 
13
C NMR (75MHz, CDCl3)  (ppm) 
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STAR-SHAPED COMPOUNDS BY 
CONNECTING THREE UNITS OF BRIDGED 
TRIPHENYLAMINE MOIETIES WITH 
CENTRAL BENZENE RING: SHOWING 






For last few decades, the design and synthesis of organic compounds with 
large two photo absorption cross-section has attracted a broad interest from the 
researchers. Thanks to the wide range of promising applications of the two 
photon absorption materials in the field of   biological imaging,
1
 optical power 
limiting
2
 and three dimensional optical data storage
3
. The TPA (two photon 





 and photodynamic 
therapy
6
. These applications of the TPA molecules greatly depends on their 
TPA cross-section
7
 or sometimes known as two photon absorption 
coefficients. Different types of designs, shapes and geometry of the molecule 







 molecules with different type of electron 
donating or electron with drawing functional group either in the centre or at 
the terminals are known as TPA materials.   
4.1.1 Triphenylamine as electron donor for TPA chromophores. 
Use of triphenylamine as an electron donating moiety for TPA compounds is 
very common. Because of its good electron donating, transporting capacity 
through the lone pair of nitrogen, special propeller star bust molecular 
structure
10
 and symmetrical geometry, the triphenylamine unit very popular to 
be used in making opto-electronic materials. The triphenylamine unit can be 
used as a central core electron donor, for example compound 4.1
10b
. It can also 














4.1.2. Bridged triphenylamine: a better electron donor compared to 
triphenylamine. 
As It has already been mentioned in the previous chapter of the thesis that the 
electron donating capacity of the triphenylamine can be even enhanced by 
locking the rotation of the three phenyl rings. The restricted rotation of C-N 
bond in bridged triphenylamine 3.8 makes the structure rigid and almost 
planner that allows excellent delocalisation of π-electrons over the whole 
molecular framework. So because of its molecular planarity, the bridged 
triphenylamine unit 3.8 can be a better choice as an electron donor compared 
to simple triphenylamine.   
 
By studying the cyclic voltammetry and by comparing the electrochemical 
behaviour of the simple triphenylamine with that of the bridged 
triphenylamine 3.8, it was seen in the previous research work
11
 in our group 
that the bridged triphenylamine 3.8 has a lower ionization potential and 
consequently a higher HOMO energy level compared to the parent 
triphenylamine. So it’s higher HOMO energy level is again another 
observation that supports the fact that the compound 3.8 is better electron 
donor compared to triphenylamine.  
4.1.3. Molecular planarity: Important parameter for TPA compounds.  
It’s well known that the molecular planarity is an important positive factor to 
improve TPA cross section of a molecule
12
.  As already described in chapter-
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3, the single crystal structure of 3.8 has given a clear indication that the 
bridged triphenylamine has much more planner structure compared to 
triphenylamine
9
. Moreover, the dendrimer 4.3 which was reported
7
 from our 
group, shows 2.5 times better TPA cross-sections compared to its 
triphenylamine counterpart 4.4. The improved molecular planarity and the 
better electron donating capacity of 3.8 compared to triphenylamine is the 
main reason behind this better TPA cross-section. Although compound 4.3 and 
4.4 are structurally very similar, but just but replacing the triphenylamine 





4.1.4. Choice of linker for TPA chromophores. 
The choice of linker is another important factor for TPA chromophores. To 
maintain the molecular planarity, either of the alkene π-bridging or alkyne π-
bridging can be used as a linker. But previous investigation shows that the 
alkene bridging is better linker than alkyne bridging as long as TPA cross-
section is concerned
13
.     
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So, considering the following facts- 
i) Bridged triphenylamine is better electron donor compared to 
triphenylamine. 
ii) The bridged triphenylamine has more molecular planarity compared to 
triphenylamine. 
iii) Molecular planarity is a positive factor for TPA cross section. 
iv) Alkene π-bridging is better linker than alkyne π-bridging. 
and to achieve a high TPA cross-section value, the two molecules D-1 and D-2 
are designed and proposed. In both of these three-branched star-shaped 
molecule, the bridged triphenylamine is used as the terminal electron donor 
and alkene bridging is used as the linker, to maintain the molecular planarity.  
So in this project, our main objective is to synthesis the two star-shaped 
compounds D-1 and D-2. Then to study their linear optical property, 
fluorescent life time measurement and non-linear optical property (two photon 
absorption study). Lastly, our aim is to calculate and compare the TPA cross-







4.2. Results and Discussions. 
4.2.1. Synthesis of D-1 
The synthesis of the bridged triphenylamine 3.8 was already described in the 
experimental section of the previous chapter (Chapter-3). First the bridged 
triphenylamine 3.8 has been mono formylated using POCl3/DMF. Michaelis-
Arbusov reaction was performed on the commercially available 1,3,5 tris 





 between the mono-formyl bridged triphenylamine 4.5 and the 
phosphonate 4.6, gave the target molecule D-1 with a fair yield. (Scheme-4.1) 
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Scheme 4.1. Synthesis of compound D-1 
Reaction conditions: (i) POCl3, DMF, 80 
0
C, 12 h; (ii) P(OEt)3, 160 
0
C, 
overnight; (iii) Potassium tertiary butoxide , THF, r.t, 24 h. 
 
4.2.2. Synthesis of Compound 4.13. 
For synthesizing the compound D-2, instead of bridged triphenylamine, the 
tertiary butyl derivative of bridged triphenylamine, compound 4.11 has been 
used. As the compound D-2 is bigger in size compared to D-1, so to ensure it’s 
good solubility in organic solvent, the ter-butyl group has been incorporated.  
4-vinyl benzaldehyde was synthesized from 4-bromo benzaldehyde according 
to literature reported procedure
16
. First, by doing the Ullmann coupling 
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reaction between 2-iodo methyl benzoate (1 equivalent) and 2-methyl 
anthranilate (1 equivalent) the compound 4.7 has been produced.  Then the 
two ter-butyl group has been introduced by doing Friedel–Crafts reaction 
between 4.7 and tertiary-butyl chloride. Compound 4.9 has been synthesized 
by doing the Ullmann coupling reaction of 2-iodo methyl benzoate with 4.8. 
Compound 4.9 has been converted to 4.11 by first Grignard reaction with 
methyl magnesium iodite followed by ring closing in acid medium. The mono-
bromination of 4.11 with NBS gave the compound 4.12 which has been 

















Reaction conditions: (i) Cu(PPh3)2Br, Cs2CO3, Toluene, 110 
0
C, 12h (ii) 
tBuCl, AlCl3, 50 
0
C, 2h (iii) K2CO3, Cu, CuI, Diphenyl Ether, 200
 0
C, 48h (iv) 
CH3MgI, Toluene, 60 
0
C, 24h; (v) H3PO4, r.t, 2h (vi) NBS, CHCl3, r.t, 2h; 
(vii) Pd(OAc)2, P(o-Tollyl)3, DMF, Et3N, 95 
0
C, 24h. 





4.2.3. Synthesis of D-2 
Target molecule D-2 was successfully synthesized by doing Wittig-Horner 
reactions between tris phosphonate 4.6 and the mono aldehyde 4.13.  
 
Scheme 4.3. Synthesis of compound D-2. 


































































 Normalized UV Absorption of D-1




4.2.4. Linear Optical properties. 
The linear optical properties or one-photon absorption, emission properties of 
compound D-1 and D-2 were measured in dilute solution in toluene at room 
temperature.  As, their two photon absorption study was studied in toluene 
solution, it’s more convenient to use the same solvent for one photon and two 
photon absorption study. The results of their linear optical properties were 









Figure 4.1. Normalized UV absorption spectra and PL Emission spectra of 
compound D-1, measured in dilute Toluene solution at room temperature. 
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  Normalized UV Absorption of D-2











Figure 4.2. Normalized UV absorption spectra and PL Emission spectra of 
compound D-2, measured in dilute Toluene solution at room temperature. 
 
 
Table 4.1. Linear optical properties of D-1 and D-2 measured in dilute 





















D-1 299, 395 448 2995 0.61 2.79 eV 
D-2 305, 424 485 2966 0.42 2.61 eV 
 121 
 
has two absorption peak maxima at 299 nm and 395 nm. The emission was 
measured by exciting the molecule at 395 nm wavelength. Compound D-1 has 
shown it’s emission peak at 448 nm. The literature reported18 compound 4.14 
is structurally very similar to D-1. The reference compound 4.14 has it’s λabs at 
381 nm and λem at 431 nm in toluene solution
18
.  By comparing the optical 
properties of D-1 with compound 4.14, it’s interesting to note that the UV 
absorption as well as PL- emission of compound D-1 is at longer wavelength 
than that of compound 4.14. So just by replacing the triphenylamine unit of 
4.14 with the bridged triphenylamine unit, the molecular planarity and the 
conjugation over the whole molecular frame work has been improved and 
that’s the reason for compound D-1 to have red-shifted UV/PL compared to 
4.14.  
The UV absorption and PL emission of D-2 is shown in figure-4.2, D-2 has 
two absorption peak maxima at 305 nm and 424 nm. By exciting the molecule 
at 424 nm, compound D-2 emits blue light with wavelength 485 nm. It’s 
observed that with increase in length of conjugation on going from D-1 to D-2, 
compound D-2 has 29 nm red shifted UV absorption compared to that of D-1. 
Due to this longer conjugation length, D-2 has also shown 37 nm red shifted 
emission λmax compared to D-1. In both the compounds, the UV absorption at 
300-350 nm range corresponds to the bridged triphenylamine moiety
7
.  The 
fluorescence quantum yield was reduced from 61% for D-1 to 42% for D-2. 
This may be due to an increased probability of intermolecular interaction for 
D-2 compared to that of D-1
7
.  
The stokes shift was measured by (1/λabs – 1/ λem) in cm
-1 
unit. This large 
stokes shift for both the compounds is very significant. It indicates that for 
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both the compounds, a large charge distribution happens on excitation prior to 
emission
17. It’s also a clear indication that the emission originates from a 
strongly dipolar emissive states
10b
. The optical band gap was measured from 
the UV absorption onset value. Due to longer conjugation length, the UV 
absorption onset of D-2 is much red shifted than that of D-1. So consequently 
the optical band gap of D-2 is smaller compared to D-1.     
4.2.5. Fluorescence life time measurement 
The fluorescence life time of the compound D-1 and D-2 were measured in 
toluene solution. The normalized intensity vs time (ns) plot is shown in figure 
4.3. From the graph, it’s clearly seen that the fluorescence life time of 
compound D-1 is more than that of compound D-2. So the rate of decay is 
slower for D-1 than that of D-2. Life time for D-1 and D-2 is 3.38 ns and 2.10 
ns respectively. 
Table 4.2. Fluorescence life time of D-1 and D-2 in toluene at room 
temperature. 







Figure 4.3. Fluorescence decay curves of D-1 and D-2 in toluene at room 
temperature. 
4.2.6. Two Photon Absorption Study. 
 
The two photon absorption (TPA) spectra and TPA cross section of compound 
D-1 and D-2 were measured by two photon excited fluorescence (TPEF) 
method by following the standard protocol originally described by Webb et 
al.
19
 The measurement were done in toluene solution of D-1 or D-2 with a 
concentration of 10
-5
M and the TPA cross section was measured by using 4,4
’
-
bis (diphenylamino) stilbene (BDPAS) as the reference. The two photon 
induced fluorescence spectra were obtained by exciting the solution with the 
laser having the wavelength in a range of 620 nm to 810 nm.  
 The measurements were conducted with the excitation of 1 kHz pulse train 
with pulse duration of 120 fs and energy of 0.3 µJ/pulse from an optical 
parametric amplifier. The amplifier was driven by a Ti:sapphire regenerative 
amplifier. The luminescence was collected in a conventional back-scattering 

























  Decay curve of D-1
  Decay curve of D-2
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geometry, dispersed in a 50 cm monochromator and detected with a 
photomultiplier using standard lock-in amplification.  
The intensity of the two photon induced fluorescence spectra of the sample 
and the reference solution under the identical condition were measured and 
compared. The TPA cross section was calculated by using the formula  
δs/ δr = FsΦrCrns
2
/ FrΦsCsnr
2. Here the subscripts “s” and “r” refers to the 
sample solution and reference solution respectively. 
δ = The TPA cross section. 
Φ = Fluoresces quantum yield. 
C = Concentration of the solution 
n = Refractive index of the solvent used. 
During our measurement, the sample solution and reference solution both 
were in same solvent (toluene) and with same concentration (10
-5
M). So the 
“C” and “n” terms of the equation were not taken under consideration.  
So the TPA cross sections of the samples were different at different wave 
length (620-810 nm). The plots of the TPA cross section vs wavelength were 




Figure 4.4. TPA spectra of compound D-1 in toluene. 
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Figure 4.7. 2P-brightness (2P-Action cross-section) (δΦ) spectra of D-2 in 
toluene. 
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Two-photon action cross section or two photon brightness is another important 
parameter for a compound to find its use in two photon fluorescent probe. The 
2P-action cross section of a compound can be obtained by multiplying the 
TPA cross section with its fluorescent quantum yield value
17
.  
So the plot of 2P Action cross section vs wavelength graph was shown in 
figure 4.6 and 4.7.  
The TPA spectra and 2P action spectra for a particular compound has exactly 
same pattern. The only difference is the scale of the y-axis. As all of these 
compounds have fluorescence quantum yield less than unity, for any of these 
compounds, the value of 2P action cross section (δΦ) is certainly less than that 
of two photon absorption cross section at a particular wavelength. 
The results of the two photon absorption study are summarized in table 4.3. 
 
Table 4.3. Two photon absorption properties of D-1 and D-2. 
[ 
a 
Wavelength (nm) corresponding to maximum two photon absorption cross-
section. 
b
 Two photon absorption cross-section (GM) maximum in the 








 TPA cross-section maximum 
per molecular weight. 
d
 TPA cross-section maximum per effective number of 
π-electron. e 2P action cross section.]  
 
 
So both the compound D-1 and D-2 has shown good non-linear optical 
properties in toluene solution.  From the table 4.3 and from the figure 4.11 and 
4.12, it is seen that the maximum TPA cross section of compound D-1 is 1164 
















 / Nπ Φδ
e
 (GM) 
D-1 790 1164 0.93 16.16 710 
D-2 700 1838 0.97 19.14 772 
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TPA cross-section on going from D-1 to D-2 is the longer length of 
conjugation for D-2 compared to that of D-1. It’s expected that with increase 
of conjugation length the TPA cross-section has also increased. The increase 
of TPA cross-section with the conjugation length is already seen for other 
compounds and it’s well documented in literature17,20. The compound with 
longer conjugation length may have a larger number of density of states that 
could provide a much more effective coupling channels between the ground 
states and the two photon allowed states, that enhances the TPA cross-section 
value
21
. The tertiary butyl group in compound D-2 could also be another 
positive factor for increasing its TPA cross-section value compared to D-1. 
The t-butyl group not only gives a good solubility of the compound but also 
can act as a week electron donor, and because of its electron donating 
capacity, the TPA cross-section of D-2 has been increased. The TPA cross-
section of the literature reported reference compound 4.14 is 546 GM
18
. 
Although D-1 is structurally very similar to 4.14, the TPA cross-section of D-1 
is 2.13 times more than that of 4.14. So by replacing the three triphenylamine 
group with bridged triphenylamine unit, the TPA cross-section has been 
increased by 2.13 times. Both the compounds, 4.14 and D-1 contains same 
number of π-electrons. But the δmax / Nπ value is only 7.58 for 4.14 whereas 
the value is 16.16 for D-1. It’s also interesting to note that compound D-1 and 
D-2 shows their maximum TPA cross section at the wavelength of 790 nm and 
700 nm respectively. For D-1, it’s exactly at the double wavelength of its 
linear absorption maxima. But for D-2, it’s not at that wavelength which is 
double of its linear absorption maxima. This significant blue shift has also 
been observed for many other compounds
22
. One possible explanation is that a 
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higher energy excited singlet state is reached with more probability with two 
photon excitation compared to that by one photon excitation
23
. Although the 
linear absorption of D-2 is at longer wavelength than that of D-1, the λmax of 
two photon absorption of D-2 is at shorter wavelength compared to that of D-
1. This phenomenon has also been observed by other researchers
17
.  
To achieve the maximum TPA cross-section is not the only consideration for a 
compound to have good application as TPA dyes. Sometimes it’s also 
necessary to pack maximum TPA cross section into smallest possible 
chromophores. So for this purpose, the TPA cross section per molecular 
weight or TPA cross section per effective number of π-electron is a relevant 
figure of merit for any compound. As molecular weight is an important 
parameter for biological dyes for it’s quick delivery across the membrane, a 
low- molecular weight compound is very favourable for it’s biological 
applications. This δmax / M.W term is called reduced cross-section
24
. So it’s 
always a matter of challenge to fit maximum TPA cross section into small 
molecule.  For applications that require strong TPA such as optical limiting 
and 3D microfabrication, compound with large value of δmax / M.W is also 
needed. Compounds with δmax / M.W value to be more than or eqal to 1 is 
already considered as very useful for such applications
25
. The reduced cross-
section value for D-1 and D-2 is 0.93 and 0.97 respectively. As both of our 
compounds have the δmax / M.W value close to unity, they are also considered 
to be potentially useful for such applications.  
              δmax / Nπ  values of the compounds is calculated to be 16.16 and 19.14 
for D-1 and D-2 respectively. By investigating the variation of δmax / Nπ value 
with the Nπ for a series of compounds, it is observed that the δmax / Nπ ratio 
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increases rapidly with the Nπ value upto a certain limit after which δmax / Nπ 
ratios became saturated and does not increase further with the increase of Nπ 
value
26
. In our compounds also, it’s observed that the δmax / Nπ  value increases 
with the increase of the effective number of π-electrons. 
The most important parameter for the TPA dyes which have found their 
applications as tracers or probes for biological applications, is their two photon 
brightness
26
 (2P action cross-section) which is the product of the TPA cross-
section and the quantum yield. The 2P action cross-section value for our two 
compounds, D-1 and D-2 is 710 GM and 772 GM respectively. The high value 
of the two photon brightness of these two compounds indicates that both of D-
1 and D-2 are the potential candidates for two photon probes.  
4.3. Conclusion 
In this section of our work, two novel benzene centered three branched 
compounds were synthesized by using bridged triphenylamine unit as the 
terminal electron donors who are anchored with central benzene ring. The 
Wittig-Horner reaction was the key reaction in the synthetic route for both of 
the compounds D-1 and D-2. Their linear optical properties were studied in 
toluene. The two photon absorption study in toluene shows that both of the 
compounds have very high two photon absorption cross-section. The TPA 
cross-section of compound D-1 is 2 times more compared to its structurally 
similar compound 4.14. So comparison of TPA cross-section with related 
compounds reveals that bridged triphenylamine is an efficient building block 
for synthesizing TPA chromophores. Compound D-2 has more TPA cross-
section compared to D-1 because of its longer length of conjugation. Having 
their δmax/M.W value to be very close to unity is an indication of their 
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potentiality as useful TPA chromophores to be use in optical power limiting 
and 3D micro fabrication. Because of their high two photon brightness, both of 
these compounds can also be used as two photon probes for biological 
applications. So the usefulness of these two compounds as two photon 
absorption materials provides a new direction for the researchers to design and 
synthesis more of TPA chromophores using bridged triphenylamine unit as 
terminal electron donor. So bridged triphenylamine can emerges as an 
excellent building block for design and synthesis of TPA chromophores.  




C NMR spectra were recorded with Bruker ACF300 or DPX 300 or 
DPX 500 spectrometer in CDCl3 solvent. EIMS mass spectra were recorded 
using a Micromass 7034E mass spectrometer. Elemental analysis was 
conducted with a Perkin-Elmer 240C elemental analyzer for C, H and S 
determination at the Chemical and Molecular analysis Centre, Department of 
Chemistry, National University of Singapore. UV-Vis and fluorescence 
spectra were obtained using a Shimadzu UV 3101PC UV-Vis-NIR 
spectrometer and a Perkin-Elmer LS 50B luminescence spectrometer with a 
xenon lamp as light source respectively.  
The fluorescence life time of the compounds were recorded in dilute toluene 
solution at room temperature. The time-resolved fluorescence was measured 
by using the time-correlated single photon counting (TCSPC) technique. The 
experiments were conducted on a Fluorolog HORIBA JOBNYVON 
instrument with instrument response function (IRF) of 260 ps. A HORIBA 
JobinYvon pulsed laser diode at 374 nm was used as the excitation source for 
samples D-1 and 438 nm was used as the excitation source for sample D-2. 
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The two photon absorption measurements were conducted with the excitation 
of 1 kHz pulse train with pulse duration of 120 fs and energy of 0.3 uJ/pulse 
from an optical parametric amplifier. The amplifier was driven by a 
Ti:sapphire regenerative amplifier. The luminescence was collected in a 
conventional back-scattering geometry, dispersed in a 50 cm monochromator 
and detected with a photomultiplier using standard lock-in amplification.  
All the commercially available compounds and solvents were used as it is 
received from Aldrich or Fluka without further purification. Ether, toluene, 
triethylamine, THF and other specified anhydrous solvent were distilled under 
nitrogen atmosphere over calcium hydride or sodium. Other solvents (AR 
grade) were used without further purification if not specified.  
Synthetic procedure. 
Compound 4.5 
A solution containing bridged triphenylamine 2.4 (0.77 g, 2.1 mmol) in 80 mL 
dry DMF was cooled in ice bath under argon protection. A solution of POCl3 
(3.1 mL, 33 mmol) in 10 mL of dry DMF was added slowly and stirred at 0 
o
C. The mixture was warmed to room temperature slowly and stirred for 
another 0.5 h until a deep brown solution appeared, then heated to 80 
o
C. After 
stirred overnight at 80 
0
C, the mixture was poured into ice water and then 
neutralized with aqueous NaOH solution. Then the compound was extracted 
by CH2Cl2. After washed by a large amount of water and dried over Na2SO4, 
the solvent was distilled out. The crude was purified over silica gel using 3:1 





H NMR (300MHz, CDCl3)  (ppm) 9.92 (s, 1H), 7.44 (m, 4H), 7.22 (t, J = 
7.2 Hz, 2H), 1.67 (s, 6H), 1.65 (s, 12H). ; 
13
C NMR (75MHz, CDCl3)  (ppm) 
190.8, 131.0, 130.5, 130.6, 130.2, 129.7, 125.1, 124.2, 124.1, 123.3, 35.6, 




HRMS (EI) (m/z) [M] Calcd for C28H27O1N1: 393.2093, Found: 393.2092. 
Compound 4.6 
1,3,5 Tris (bromo methyl) benzene ( 0.25 g, 0.7 mmol) was mixed with 
P(OEt)3 (2 mL) and the mixture was heated at 160 
0
C for 12h under innert 
atmosphere. After cooling it down to room temperature, the excess P(OEt)3 
was removed under reduced pressure. Water and ethyl acete were added to the 
reaction mixture and the compound was extracted with Ethyl acete. After 
drying over Na2SO4, the organic solvent was evaporate off and the residue was 
dried under high vaccum to obtain the pure tris phosphite 4.6 as yellow liquid.  
Yield- 94%. 
1
H NMR (300MHz, CDCl3)  (ppm) 6.98 (d, 3H), 3.91 (m, J = 7.3 Hz, 12H), 
3.00 (d, J = 21.9 6H), 1.11 (t, J= 7.02 Hz, 18H). 
13
C NMR (75MHz, CDCl3)  




Phosphonate 4.6 (0.1 g, 0.2 mmol) and the aldehyde compound 4.5 (0.26 g, 
0.66 mmol) were dissolved into dry THF (10 ml) under inert atmosphere and 
the solution was cooled down to 0 
0
C. 2 ml potassium tertiary butoxide (1M 
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solution in THF) were then slowly added to the reaction mixture at 0 
0
C. Then 
the reaction mixture was warmed to room temperature and it was stirred for 24 
h at room temperature. The resulting red brown colored solution was poured 
into ice water and extracted with ethyl acetate. After drying the organic layer 
over Na2SO4, the organic solvent was removed under reduced pressure to get 
the crude product which was then purified by column chromatography to get 
the pure product as yellow solid. Yield- 65%. 
 
1
H NMR (300MHz, CDCl3)  (ppm) 7.77 (s, 3H), 7.70 ( s, 6H), 7.51 (m, 
12H), 7.46 (d, J = 14.3 Hz, 3H), 7.30 (d, J = 14.3Hz, 3H), 7.23 ( t, J = 7.6 Hz, 
6H), 1.80 (s, 36H), 1.73 (s, 18H); 
13
C NMR (75MHz, CDCl3)  (ppm) 138.5, 
131.9, 131.7, 131.6, 130.1, 130.0, 129.8, 129.0, 126.2, 123.7, 123.5, 123.2, 
123.1, 121.9, 35.6, 35.5, 33.4, 33.1: MS- MALDI –TOF (m/z): calcd for 
C93H87N3: 1246.7. Found 1246.7.  
Compound 4.7 
A 250 mL round bottom flask equipped with a reflux condenser was charged 
with methyl anthranilate (5.6 mL, 43 mmol), Cs2CO3 (21 g, 64 mmol), 
Cu(PPh3)3Br (8.3 g, 8.9 mmol)  and 100 mL toluene. The mixture was stirred 
at 110 
o
C for 10 mins under argon. Then methyl 2-iodobenzoate (6.4 mL, 43 
mmol)) was added and the reaction mixture was stirred for another 12 h at 110 
o
C. After cooling it down to room temperature, the mixture was poured into 
water and washed by brine. After the solvent was distilled out under reduced 
pressure, the crude oil was purified over silica gel to yield a yellow solid. 




H-NMR (300MHz, CDCl3)  (ppm) 11.04 (s, 1H), 7.98 (d, 2H), 7.54 (d, 2H), 
7.36 (tr, 2H), 6.90 (tr, 2H), 3.95 (s, 6H); 
13
C NMR (75MHz, CDCl3)  (ppm) 




A 250 mL round bottom flask equipped with a reflux condenser was charged 
with compound 4.7 (3.4 g, 12 mmol) and 100 mL of tert-butyl chloride. The 
mixture was heated to reflux and anhydrous AlCl3 (0.24 g, 1.8 mmol) was 
added carefully till a deep brown solution formed. Then the reaction mixture 
was refluxed for another 2 h. The solvent was then distilled out under reduced 
pressure. Water was added slowly and extracted with CH2Cl2. The crude 
product was purified over silica gel to give compound 4.8 as a yellow solid. 
Yield-80 %.  
1
H-NMR (300MHz, CDCl3)  (ppm) 10.84 (s, 1H), 7.96 (d, 2H), 7.46 (m, 2H), 
7.40 (m, 2H), 3.94 (s, 6H), 1.32 (s, 18H); 
13
C-NMR (75MHz, CDCl3)  (ppm) 




Compound 4.9  
Trimethylester 4.9 was synthesized from of compound 4.8 (6.8 g, 17 mmol), 
methyl 2-iodobenzoate (4.4 mL, 29 mmol),  K2CO3 (4.8 g, 34 mmol), 0.192 g 
of Cu and 0.14 g of CuI in 75 mL diphenylether. The reaction mixture was 
refluxed at 180 
0
C for 48 h under inert atmosphere. After distilling out the 
solvent under reduced pressure and extracting the product with ethyl acetate, 
the organic layer was dried over Na2SO4 and the organic solvent was removed 
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to obtained the crude mixture which was purified by chromatography on silica 
gel using 5:1 hexane/ethyl acetate as the eluent to yield 4.9 as a yellow solid. 
Yield 80%.  
1
H-NMR (300MHz, CDCl3)  (ppm) 7.58 (m, 2H), 7.52 (m, 1H), 7.38 (m, 
2H), 7.31 (m, 1H), 7.00 (m, 4H), 3.38 (s, 3H), 3.36 (s, 3H), 3.32 (s, 1H), 1.30 
(s, 18H).  
13
C-NMR (75MHz, CDCl3)   (ppm) 168.2, 168.0, 167.7, 147.1, 146.4, 144.5, 
144.1, 131.8, 130.8, 129.3, 129.2, 127.4, 127.3, 126.2, 122.5, 51.5, 51.5, 51.3, 





First the tris alcohol 4.10 was synthesised according to the simmilar procedure 
depicted for the synthesis of compound 3.13 in the previous chapter. Without 
further purification and charecterisation, the tris alcohol 4.10 was dispersed 
into 85% H3PO4 and stirred at room temperature for 2 h. Then it was poured 
into water and neutralized with aqueous NaOH and extracted with DCM. After 
drying the organic phase over Na2SO4 the organic solvent was removed under 
reduced pressure and the crude product was chromatographed over silica gel 
using hexane as eluent to give the pure product 4.11 as white solid. Yield- 
22%.  
1
H-NMR (300MHz, CDCl3)  (ppm) 7.36 (m, 6H), 7.07 (tr, 1H), 1.67 (s, 6H), 
1.62 (s, 12H), 1.36 (s, 18H); 
13
C-NMR (75MHz, CDCl3)   144.9, 129.8, 
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Compound 4.11 (0.13 g, 0.27 mmol) was dissolved into 8 mL of CHCl3 and 
NBS ( 0.074 g, 0.4 mmol) was added to this reaction mixture. After stirring 
the mixture at room temperature for 2 h, DCM and water were added and the 
combined organic solvent was extracted out. After drying over Na2SO4, the 
organic solvent was distilled out to obtain the crude product which was 
purified by column chromatography to obtain the pure mono bromo compound 
4.12 as white solid. Yield- 68%.  
1
H-NMR (500 MHz, CDCl3)  (ppm) 7.41 (s, 2H), 7.38 (d, 2H), 7.34 (d, 2H), 
1.66 (s, 6H), 1.60 (s, 12H), 1.36 (s, 18H); 
13
C-NMR (75MHz, CDCl3)  (ppm) 
145.0, 131.7, 129.4, 129.0, 128.6, 126.0, 121.0, 120.2, 114.8, 35.9, 34.4, 34.1, 
32.9, 31.4.  
Mass-EI: 555.2. 
HRMS (EI) (m/z) [M] Calcd for C35H42N1
79
Br1: 555.2501, Found: 555.2516. 
HRMS (EI) (m/z) [M] Calcd for C35H42N1
81
Br1: 555.2480, Found: 555.2508. 
Compound 4.13 
The bromo compound 4.12 (0.063 g, 0.11 mmol) was mixed with 4-vinyl 
benzaldehyde (0.029 g, 0.22 mmol) in 8 mL of dry DMF. The solution was 
degassed for 15 min. Then P(o-Tollyl)3 (0.013 g, 0.04 mmol) and Et3N ( 2 
mL) were added to the reaction mixture and it was degassed for another 30 
min. Finally Pd(OAc)2 ( 3 mg, 0.011 mmol) was added and the reaction 
mixture was refluxed for 24 h at 95 
0
C under inert atmosphere. After cooling it 
down to room temperature, the reaction mixture was poured into ice water and 
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extracted with ethyl acetate. After drying over Na2SO4 , the organic solvent 
were distilled off and the crude mixture was chromatographed over silica gel 
to obtain the pure compound 4.13 as yellow solid. Yield -81%.  
1
H-NMR (500 MHz, CDCl3)  (ppm) 9.99 (s, 1H), 7.88 (d, J = 8.2 Hz, 2H), 
7.68 (d, J = 8.2 Hz, 2H), 7.53 (s, 1H), 7.40 (s, 4H), 7.32 (d, J = 16.4 Hz, 1H), 
7.09 (d, J = 16.4 Hz, 1H), 1.69 (s, 6H), 1.68 (s, 12H), 1.38 (s, 18H); 
13
C-NMR 
(75MHz, CDCl3)  (ppm) 191.5, 145.1, 144.1, 134.7, 132.7, 132.5, 130.3, 
130.2, 129.8, 129.5, 129.1, 128.8, 126.4, 124.2, 122.1, 121.0, 120.2, 35.8, 





Synthesis of 4-Vinyl benzaldehyde 
4-bromo benzaldehyde (0.5 g, 2.7 mmol), tri-butyl vinyl tin ( 1.18 mL, 4 
mmol) and few crystals of 2,6-di tertiary butyl phenol were dissolved into dry 
toluene ( 12 mL) into a 2 neck round bottle flask fitted with a reflux 
condenser. After degassing the mixture for 30 min, PdCl2(PPh3)2 (0.04 g, 0.2 
mmol) was added to the reaction mixture and the solution was refluxed for 12 
h at 90 
0
C under inert atmosphere. After cooling it down to room temperature, 
saturated solution of aqueous KF was added to the reaction mixture and stirred 
at room temperature for 6 h. Then the compound was extracted with ethyl 
acetate and after drying over Na2SO4, the organic solvent was removed under 
reduced pressure to obtain the crude product which was purified by column 





H-NMR (500 MHz, CDCl3)  (ppm) 9.98 (s, 1H), 7.81 (d, J = 7.6 Hz, 2H), 
7.51 (d, J = 7.6 Hz, 2H), 6.74 (q, J = 6.95 Hz, 1H), 5.89 (d, J = 17 Hz, 1H), 
5.41 (d, J = 11.3 Hz, 1H). ;
13
C-NMR (75MHz, CDCl3)  (ppm) 191.6, 143.4, 
135.8, 135.6, 130.0, 126.7, 117.4.  
 
Compound D-2 
Compound 4.13 (7 mg, 0.013 mmol) and the aldehyde 4.6 (30 mg, 0.049 
mmol) were dissolved into dry THF (10 mL) under inert atmosphere and the 
solution was cooled down to 0 
0
C. 2 ml potassium tertiary butoxide (1M 
solution in THF) were then slowly added to the reaction mixture at 0 
0
C. Then 
the reaction mixture was warmed to room temperature and it was stirred for 24 
h at room temperature. The resulting solution was poured into ice water and 
extracted with ethyl acetate. After drying the organic layer over Na2SO4, the 
organic solvent was removed under reduced pressure to get the crude product 
which was then purified by column chromatography to get the pure product as 
yellow solid. Yield- 42%. 
1
H-NMR (500 MHz, CDCl3)  (ppm) 7.60 (s, 3H), 7.59-7.57 (m, 12H), 7.52 
(s, 6H), 7.39 (s, 12H), 7.26 (d, J = 15 Hz, 6H), 7.21 (d, J = 15Hz, 6H), 1.68 (s, 
54H), 1.38 (s, 54H).; 
13
C-NMR (125 MHz, CDCl3)  (ppm) 144.9, 129.8, 
129.6, 129.5, 129.4, 129.1, 129.0, 127.07, 127.00, 126.6, 121.8, 121.6, 120.9, 
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SYNTHESIS AND TWO PHOTON 
ABSORPTION STUDY OF 
SYMMETRICALLY AND 
UNSYMMETRICALLY SUBSTITUTED 







It’s already discussed in the previous chapter (chapter-4) that due to vast area 
of applications of two photon absorption chromophores, the urge of 
developing efficient two photon absorption materials is increasing in recent 
days. Different strategies have already been employed for enhancing the TPA 
cross-section. One of the most popular strategies is to design donor-π-acceptor 
system
1
. Design of star-shaped multipolar molecular structure is also proved to 
be very useful for achieving large TPA cross-section
2
. In the previous chapter, 
a detail discussion has been done focusing on the usages of triphenylamine 
moiety for designing excellent TPA chromophores. So, considering the above 
facts, very expectedly, triphenylamine based star-shaped donor-acceptor 
compound has been used successfully for efficient TPA chromophores. Porres 
et al have reported
3
 the TPA cross-section of a series of star-shaped donor 
acceptor compounds using triphenylamine as central electron donor and in all 
of those compounds the triphenylamine unit has been substituted 
symmetrically either with three donors (compound 5.1) or with three acceptors 
(compound-5.2)
 
and their TPA has been measured and compared.   
Symmetrically substituted triphenylamine based star-shaped two photon 
absorption materials are very well known and much explored in literature
4
. 
But, triphenylamine based star-shaped two photon absorption materials where 
the three sides of triphenylamine are substituted unsymmetrically, are not 
explored in literature.  
In the previous chapter, we have already discussed about the advantages of 
bridged triphenylamine over simple triphenylamine to achieve excellent TPA 
chromophores and therefore in the previous chapter we have made use of 
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bridged triphenylamine as the terminal electron donor which are attached with 
neutral benzene ring at their centre, for designing TPA chromophores. In our 
previous work
5
, bridged triphenylamine based dendrimers were reported as 
TPA chromophores. In all of these TPA compounds, bridged triphenylamine is 
attached either with itself or with a neutral moiety. In none of these TPA 
compounds, reported so far, bridged triphenylamine unit is attached with an 
electron acceptor. 
 
So, to the best of our knowledge, research attempt has not been taken to 
synthesize star-shaped donor-acceptor type TPA chromophores where bridged 








Recently, Jiang et al have reported
6-9
 some bridged triphenylamine which are 
structurally similar to our bridged triphenylamine (3.8). But those bridged 
triphenylamine type compound 5.3-5.9, reported by Jiang et al, have not been 
used for making donor-acceptor TPA chromophores.  
 
  
Keeping the research gaps stated above in mind, our main objective is to 
synthesize symmetrical and unsymmetrical star-shaped donor acceptor TPA 




Our target is to synthesize three star-shaped compounds as shown in the 
graphics below.  We use bridged triphenylamine unit as the central electron 
donating core which is substituted symmetrically with three donors to make 3d 
system and with three acceptors to make 3a system. We also take the target to 
synthesize an unsymmetrically substituted star shaped compound where the 
two sides of the central core D is substituted with two donors and one side 
with one acceptor to make a 2d1a system.  
 
Figure 5.1. Graphical representation of targeted compounds.   
 
As the central core electron donor is bridged triphenylamine, the choice of 
terminal donor and acceptor units is very crucial.  
Carbazole is a well-known electron donating unit which has been much 
explored in literature for making push-pull conjugated oligomers which have 
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applications in materials science. Good hole transporter as well as efficient 
energy harvest and transfer are observed in carbazole-based dendrons
10
. 
Carbazole based compounds are also well known for their intense photo 
luminescence
11,12
. It has also been used as terminal electron donor in literature 
reported
13
 compound TCTA which is an excellent hole transporting materials 
for OLED. Although carbazole has widely been used as an electron donating 
unit for making OLED materials, it has never been employed as electron 
donor for TPA materials. So, carbazole has been chosen as the terminal 
electron donor for making our star-shaped TPA compounds.   
Instead of choosing a strong electron acceptor for making our TPA 
compounds, we have decided to start with a week electron accepting unit. 
Kido el al have reported
14
 the combination of carbazole (as electron donor) 
and pyridine (as electron acceptor) for making OLED materials. Reinhardt et 
al have made a series of efficient TPA dyes by using pyridine as electron 
acceptor
15
. Bhaskar et al have also synthesized a series of star-shaped donor-
acceptor TPA chromophores using pyridine as terminal electron acceptor
16
. So 
pyridine has been chosen as the terminal electron acceptor for synthesizing our 




So our objective is to synthesize the three star-shaped compounds 3D, 3A and 
2D1A, then to study their linear optical properties, fluorescence life time and 
two photon absorption properties.  
5.2. Results and discussions 
5.2.1. Synthesis of 3D and 3A compounds. 
After synthesizing the bridged triphenylamine (3.8) by using the same 
procedure as described in chapter-3, it was tri-iodinated by using KI/KIO3 
reagent combination in acetic acid medium. Then the Ullmann coupling 
reaction between the tri-iodo compound 5.10 and carbazole gave a fair yield 
(35%) of the desired target molecule 3D as white solid.  The carbazole was 
recrystalised from ethanol prior to use for the reaction. The 3A compound was 
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obtained by doing Suzuki coupling between the tri-iodo compound 5.10 and 
pyridine-4-boronic acid. (Scheme-5.1) 
Scheme 5.1. Synthesis of compound 3D and 3A. 
Reaction conditions: (i) KI, KIO3, AcOH, 100
0
 C, 4 h; (ii) Cu, CuI, K2CO3, 
OCB, 180
0
 C, 3 days; (iii) Pd(PPh3)4, K3PO4, PCy3, DMF, 100
0
 C, 48 h. 
 
5.2.2. Synthesis of compound 2D1A. 
For synthesizing the unsymmetrical compound 2D1A, first the bridged 
triphenylamine (3.8) was mono-brominated using exactly 1 equivalent of NBS 
in CHCl3 solvent. As the bridged triphenylamine is very much activated 
system, the formation of di-bromo and tri-bromo compound was always 
observed as the by-products while attempting for the mono-bromination. So, 
to maximize the yield of mono-bromo compound, the possibility of multi 
bromination was minimized by starting the reaction at 0
0
 C followed by 
stirring the solution at room temperature only for one hour.  By doing di-
iodination of the compound 5.11 with KI/KIO3 in acetic acid, the mono-
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bromo, di-iodo compound 5.12 was obtained as pale yellow solid. The two 
units of carbazole moieties were attached selectively only to the two iodo-
sides of 5.12 by using Ullmann coupling to obtain compound 5.13. This step 
was successful because the copper catalyzed Ullmann coupling is more 
selective towards iodo compared to bromo. So the two carbazole units were 
attached only to the two sides of the bridged triphenylamine by selectively 
replacing the iodine leaving the bromine untouched.    Finally, Suzuki 
coupling of 5.13 with pyridine -4-boronic acid gave the targeted compound 
2D1A (Scheme-5.2). 
Scheme 5.2. Synthesis of compound 2D1A. 
Reaction conditions: (i) NBS, CHCl3, r.t, 1 h; (ii) KI, KIO3, AcOH, 100
0
 C, 3 
h; (iii) Cu, CuI, K2CO3, OCB, 180
0
 C, 48 h;  (iv) Pd(PPh3)4, aq Na2CO3, 
Toluene, PCy3, 95 
0






5.2.3. Single crystal structure analysis of compound 3D.  
 






          
 
Figure 5.2c 
[ Figure 5.2a. Two molecules of 3D co-crystallized with one solvent 
molecule. 
Figure 5.2b. Single crystal structure of compound 3D 
Figure 5.2c. Lateral view of crystal of 3D ] 
 
The single crystal of compound 3D was grown in ethyl acetate. Each unit of 
single  crystal contains two molecules of compound 3D which were co-
crystallized along with one molecule of  ethyl acetate solvent (as it’s shown in 
figure-5.2a). Figure 5.2b shows the single crystal of one molecule of 3D. The 
crystal is triclinic with space group P-1. Final R values are R1= 0.1138 and 
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wR2= 0.2877 for 2-theta max of 55º. The high values of R, are due to too 
small size of the crystal. The detail report of the crystal structure is shown in 
Table-5.1. The crystal packing of compound 3D is shown in figure-5.3. The 
distance between the two central nitrogen atoms of the two adjacent 3D 




Table 5.1. Single crystal structure analysis report of compound 3D. 
Empirical formula C65 H52 N4 O 
 
Formula weight 905.11 
Temperature 223(2) K 
Wavelength 0.71073 Å 
Crystal system Triclinic 
Space group P-1 
a 14.8537(17) Å 
b 19.614(2) Å 





Volume 4848.5(9) Å3 
Z 4 
Density (calculated) 1.240 Mg/m3 
Absorption coefficient 0.073 mm-1 
F(000) 1912 











Figure 5.3. Crystal packing of compound 3D. 
5.2.4. Linear optical properties. 
The linear optical properties of compound 3D, 3A and 2D1A were measured 
in toluene solution at room temperature. The normalized UV and PL spectra of 
3D, 3A and 2D1A are shown in figure 5.4, 5.5 and 5.6 respectively. Both the 
UV absorption and PL emission peak maxima have been shifted to longer 
wave length on going from 3D to 3A to 2D1A. The UV absorption of 3A is 22 
nm red shifted compared to that of 3D. The PL emission of 3A is also 38 nm 
red shifted compared to that of 3D. The central bridged triphenylamine unit is 
electron donor, so attaching three electron donating unit (carbazole) with it 
does not significantly develop any intermolecular charge transfer (ICT) in 3D. 
But, on attaching three electron acceptor (pyridine) with the central electron 
donor (bridged triphenylamine), the ICT occurs from the central to the 
terminal of the molecule and because of that ICT, the distance between the 
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ground state energy level and excited state energy level reduces and 
consequently the UV/PL spectra shifts to the longer wave length. It’s very 
interesting to note that the UV/PL  has been red shifted only by 20-40 nm on 
going from 3D to 3A but the UV/PL has been red shifted very significantly on 
going from 3A to 2D1A. Both the UV and PL of 2D1A is more than 100 nm 
red shifted compared to those of 3A. The reason can easily be understood from 
their structural difference.  In 3A, the ICT occurs from centre to three different 
directions, whereas due to the unsymmetrical structure of 2D1A, the ICT 
occurs in a unidirectional way from the two carbazole unit through the bridged 
triphenylamine unit towards the pyridine. Because of this unidirectional and 
strong ICT, the UV/PL of 2D1A is at much longer wavelength compared to 
that of 3A.  
The nature of the UV absorption spectra of 3D and 2D1A is quite similar 
because both of 3D and 2D1A contains carbazole unit and for both of them, 
the UV absorption bands at about 250 and 296 nm are assigned to carbazole 
centered  transitions
17a
. These particular bands are absent in the UV spectra of 
3A which does not contain any carbazole unit. In all the compounds, the UV 
absorption at 300-350 nm range corresponds to the bridged triphenylamine 
moiety
17b 
.Their linear optical properties are shown in table 5.2. Their optical 
band gaps were measured from the absorption unset values which have also 
been red shifted on going from 3D to 3A to 2D1A. The trend of their optical 
band gap values is further evidence for the fact that their HOMO-LUMO gap 
is reduced on going from 3D to 3A to 2D1A because of increasing ICT.   
The stokes-shift was measured by (1/λabs – 1/ λem) in cm
-1 
unit. This large 
stokes shift for all the three compounds is very significant. It indicates that for 
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all the three compounds, a large charge distribution happens on excitation 
prior to emission
18. It’s also a clear indication that the emission originates 
from a strongly dipolar emissive states
19
. 
The fluorescence quantum yield has also been increased with increase of ICT. 
The fluorescence quantum yield of 3D is very small (only 4%). The quantum 
yield of 3A has been increased to 21% and for 2D1A, it has further been 
increased to 56%, making the 2D1A compound to be quite fluorescent.   




















3D 315, 340 377 0.04 3.41 2886 








Figure 5.4. Normalized UV absorption spectra and PL emission spectra of 
compound 3D measured in dilute toluene solution at room temperature. 
 
Figure 5.5. Normalized UV absorption spectra and PL emission spectra of 
compound 3A measured in dilute toluene solution at room temperature. 
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Figure 5.6. Normalized UV absorption spectra and PL emission spectra of 




5.2.5. Fluorescence life time measurement. 
The fluorescence life time of compound 3D, 3A and 2D1A were measured in 
dilute toluene solution at room temperature. The time-resolved fluorescence 
was measured by using the time-correlated single photon counting (TCSPC) 
technique. The experiments were conducted on a Fluorolog HORIBA 
JOBNYVON instrument with instrument response function (IRF) of 260 ps. A 
HORIBA JobinYvon pulsed laser diode at 344 nm was used as the excitation 
source for samples 3D, 374 nm was used as the excitation source for 3A and 
483 nm was used as the excitation source for sample 2D1A.  
Figure 5.7 shows the plot of their fluorescence decay curve with time (ns). All 
the compounds show a mono-exponential decay of fluorescence with time.  
The life time of the 3D, 3A and 2D1A is 3.32 ns, 2.83 ns and 2.61 ns 
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respectively. It can be seen from the curve that the decay rate of 3D is much 
slower than that of 3A. 2D1A shows the fastest decay rate among these series 
of compounds.  




Figure 5.7. Fluorescence decay curves of 3D, 3A and 2D1A in toluene at 
room temperature.  
 
 
5.2.6. Two photon absorption study. 
The two photon absorption (TPA) spectra and TPA cross section of compound 
3D, 3A and 2D1A were measured by two photon excited fluorescence (TPEF) 
method by following the standard protocol originally described by Webb et 
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. Non-linear optical properties measurement for all the compounds were 
done in toluene solution of the compounds with a concentration of 10
-5
M and 
the TPA cross section was measured by using 4,4
’
-bis (diphenylamino) 
stilbene (BDPAS) as the reference. The two photon induced fluorescence 
spectra were obtained by exciting the solutions with the laser having the 
wavelength in a range of 770 nm to 840 nm.  
The excitation source used for the TPEF measurement was a Spectra Physics 
femtosecond Ti:sapphire oscillator system (Tsunami). The output laser pulses 
with a central wavelength of 770–840 nm were used as the two-photon 
excitation source. The average output energy was 100 mW. All the samples 
were excited by directing a tightly focused laser beam onto the sample 
solution. The emission from the sample was collected at a 90
0
 angle by a pair 
of lenses along with an optical fiber and directed to the spectrometer which 
was a monochromator (Acton, Spectra Pro 2300i) coupled CCD (Princeton 
Instruments, Pixis 100B) system. A short pass filter with a cut-off wavelength 
at 700 nm was placed in front of the spectrometer to minimize the intensity of 
pumping light.  
The intensity of the two photon induced fluorescence spectra of the sample 
and the reference solution under the identical condition were measured and 
compared. The TPA cross section was calculated by using the formula
18
  




. Here the subscripts “s” and “r” refers to the 
sample solution and reference solution respectively. 
δ = The TPA cross section. 
Φ = Fluoresces quantum yield. 
C = Concentration of the solution 
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n = Refractive index of the solvent used. 
During our measurement, both the sample solution and reference solution 
were in same solvent (toluene) and with same concentration (10
-5
M). So the 
“C” and “n” terms of the equation were not taken under consideration.  
So the TPA cross sections of the samples were different at different wave 
length (770-840 nm). The plots of the TPA cross section vs wavelength were 
shown in figure-5.8. 
Two-photon action cross section or two photon brightness is another important 
parameter for a compound to find its use in two photon fluorescent probe. The 
2P-action cross section of a compound can be obtained by multiplying the 
TPA cross section with its fluorescent quantum yield value
18
. So the plot of 2P 
Action cross section vs wavelength graph was shown in figure 5.9. 
The TPA spectra and 2P action spectra for a particular compound has exactly 
same pattern. The only difference is the scale of the y-axis. As all of these 
compounds have fluorescence quantum yield less than unity, for any of these 
compounds, the value of 2P action cross section (δΦ) is certainly less than that 
of two photon absorption cross section at a particular wavelength. 
The TPA cross-sections of our compounds were determined by TPEF method 
but the two photon excited fluorescence intensity of compound 3D was too 
low to be detected.  The two-photon induced fluorescence intensity of 
compound 3D was so weak that the accurate measurement of the cross-section 
was not possible. This problem of not determining the TPA cross-section due 
to lack of two-photon induced fluorescence intensity were also reported for 
many other compounds
21a-g
. In compound 3D, three electron donating 
carbazole moieties are attached with central core electron donor bridged 
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triphenylamine, so there is no effective charge transfer (ICT) over the whole 
molecular frame-work. Two photon excited fluorescence (TPEF) method is 
used to determine the TPA cross-section, but fluorescence quantum yield of 
3D is very low (only 4% in solution).  
So the lack of ICT and the low value of the fluorescence quantum yield may 
be held responsible for very week TPEF intensity of 3D. Extensive literature 
search has also revealed the compounds with very low one photon quantum 
yield often shows very low two photon induced fluorescence intensity and 




The TPA cross-section of the 3A and 2D1A were determined in toluene 
solution.  
The results of the two photon absorption study of 3A and 2D1A are 
summarized in table 5.4. 
 
Table 5.4. Two photon absorption properties of compound 3A and 2D1A.  
[ 
a 
Wavelength (nm) corresponding to maximum two photon absorption cross-
section. 
b
 Two photon absorption cross-section (GM) maximum in the 








 TPA cross-section maximum 
per molecular weight. 
d
 TPA cross-section maximum per effective number of 


















 / Nπ Φδ
e
 (GM) 
3A 810 98 0.16 2.22 20.58 




Figure 5.8. TPA spectra of compound 3A and 2D1A in toluene. 
 
 
Figure 5.9. 2P- brightness (2P- Action cross-section) (δΦ) spectra of 3A and 
2D1A in toluene. 
 
As it’s seen from table-5.4 that the maximum TPA cross-section (δmax) of 
compound 3A is 98 GM and that of 2D1A is 233 GM. The TPA cross-section 
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value of compound 3A is maximum at 810 nm wavelength and that of 2D1A 
is at 840 nm wavelength. So both the one photon absorption as well as two 
photon absorption of compound 2D1A is at longer wavelength compared to 
those of 3A. The TPA cross-section of compound 3A is only 98 GM and this 
small value of its TPA cross-section is because of very weak terminal electron 
acceptor pyridine that it contains. Due to weak electron accepting ability of the 
pyridine, the ICT from the central donor to its three arms of the terminal 
acceptors is also very weak for compound 3A. The unsymmetrical compound 
2D1A has a stronger ICT than that of 3A as observed from their linear optical 
properties (UV/ PL). So this stronger ICT of 2D1A than that of 3A is 
responsible to make the TPA cross-section value of 2D1A to be much more 
than that of 3A. This phenomenon is not an exception rather another example 
of the well established fact that the δmax for octupolar compounds increases 
with the extent of the charge transfer in a molecule
22
.  
It’s seen from the TPA spectra of compound 3A (figure-5.8) that its TPA 
cross-section value increases initially from 37 GM at 770 nm to reach at its 
maxima value of 98 GM at 810 nm wavelength followed by an steady 
decreases to 82 GM at 840 nm. Whereas the TPA cross-section value of 
compound 2D1A increases monotonically from 31 GM at 770 nm wavelength 
to reach at its maximum value of 233 GM at 840 nm wavelength.  
Other than having only a high value of TPA cross-section, sometimes it’s also 
necessary to pack a maximum TPA cross section into smallest possible 
chromophores. As molecular weight is an important parameter for biological 
dyes for its quick delivery across the membrane, a low- molecular weight 
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compound is very favourable for its biological applications
23
. So it’s always a 
matter of challenge to fit maximum TPA cross section into small molecule.  
So for this purpose, the TPA cross section per molecular weight (δmax / M.W) 
or TPA cross section per effective number of π-electron is a relevant figure of 
merit for any compound. By comparing those values for our above stated 
compounds, it’s seen from table-5.4 that both the δmax / M.W and δmax / Nπ 
value of 2D1A is almost double to that of 3A.  
Another important parameter of TPA chromophores for their biological 
applications is their two photon brightness
23
. The 2P-brightness value of 
2D1A is also much higher than that of 3A because the δmax as well as the 
quantum yield of 2D1A is much higher than that of 3A.  
So, all the parameters of the two-photon absorption properties (δmax, δmax/M.W, 
δmax / Nπ and 2P-brightness) of compound 2D1A are much more than those of 
3A.  
5.3. Conclusion 
In this chapter, symmetrically and unsymmetrically substituted bridged-
triphenylamine based star-shaped donor-acceptor compounds were 
synthesized. Ullmann coupling and Suzuki coupling were the key reaction to 
achieve the target molecules. The single crystal structure analysis of 
compound 3D has helped us for a detail understanding of the three 
dimensional structure of the compound 3D and its related molecules.  Their 
linear and non-linear optical properties were studied. The TPA cross-section 
of compound 3D could not be measured due to its very weak two-photon 
induced fluorescence intensity. In this series, the only unsymmetrically 
substituted bridged-triphenylamine compound 2D1A has maximum value of 
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the TPA cross-section, reduced cross-section and 2P-brightness. Although 
compound 3A is synthetically more accessible than compound 2D1A, the 
higher δmax, δmax/M.W, δmax/Nπ and 2P-brightness value of 2D1A has made this 
compound to be the most superior among all molecules studied in this chapter. 
So, an unsymmetrically substituted bridged triphenylamine compound is 
proved to be most promising model for TPA chromophore. To the best of our 
knowledge, unsymmetrical octupolar star-shaped TPA materials are not much 
explored in literature. So our work could provide a new direction for the 
researcher to design and synthesize unsymmetrical octupolar molecules 
instead of conventional symmetrical ones, to achieve a significantly better 
non-linear optical material.  




C NMR spectra were recorded with Bruker ACF300 or DPX 300 or 
DPX 500 spectrometer in CDCl3 solvent. EIMS mass spectra were recorded 
using a Micromass 7034E mass spectrometer. Elemental analysis was 
conducted with a Perkin-Elmer 240C elemental analyzer for C, H and S 
determination at the Chemical and Molecular analysis Centre, Department of 
Chemistry, National University of Singapore. UV-Vis and fluorescence 
spectra were obtained using a Shimadzu UV 3101PC UV-Vis-NIR 
spectrometer and a Perkin-Elmer LS 50B luminescence spectrometer with a 
xenon lamp as light source respectively.  
The fluorescence life time of the compounds were recorded in dilute toluene 
solution at room temperature. The time-resolved fluorescence was measured 
by using the time-correlated single photon counting (TCSPC) technique. The 
experiments were conducted on a Fluorolog HORIBA JOBNYVON 
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instrument with instrument response function (IRF) of 260 ps. A HORIBA 
JobinYvon pulsed laser diode of 344 nm was used as the excitation source for 
samples 3D, 374 nm was used as the excitation source for 3A and 483 nm was 
used as the excitation source for sample 2D1A.  
For the two-photon absorption experimert, the excitation source used for the 
TPEF measurement was a Spectra Physics femtosecond Ti:sapphire oscillator 
system (Tsunami). The output laser pulses with a central wavelength of 770–
840 nm were used as the two-photon excitation source. The average output 
energy was 100 mW. All the samples were excited by directing a tightly 
focused laser beam onto the sample solution. The emission from the sample 
was collected at a 90
0
 angle by a pair of lenses along with an optical fiber and 
directed to the spectrometer which was a monochromator (Acton, Spectra Pro 
2300i) coupled CCD (Princeton Instruments, Pixis 100B) system. A short pass 
filter with a cut-off wavelength at 700 nm was placed in front of the 
spectrometer to minimize the intensity of pumping light.  
All the commercially available compounds and solvents were used as it is 
received from Aldrich or Fluka without further purification. Ether, toluene, 
triethylamine, THF and other specified anhydrous solvent were distilled under 
nitrogen atmosphere over calcium hydride or sodium. Other solvents (AR 
grade) were used without further purification if not specified.  
Synthetic procedure. 
Compound 5.10 
Bridged triphenylamine 3.8 (0.1 g, 0.27 mmol) was dissolved into 10 mL of 
acetic acid. After KI (0.15 g, 0.90 mmol) and KIO3 (0.19 g, 0.90 mmol) were 
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added, the mixture was heated to 100 
0
C for 4 h. After the reaction mixture 
was cooled down to room temperature, it was poured into 20 mL of water and 
neutralized with aqueous NaOH solution. The resulting solution was extracted 
with DCM and then dried over anhydrous Na2SO4. After removing the 
organic solvent under reduced pressure the crude product was purified over 
silica gel using hexane as the eluent to yield compound 5.10 as a light yellow 
solid. Yield- 70%.   
1
H-NMR (300 MHz, CDCl3): δ (ppm) 7.59 (s, 6H), 1.56 (s, 18H); 13C-NMR 
(75 MHz, CDCl3): δ (ppm) 132.3, 132.1, 131.3, 86.7, 35.3, 32.7; EI-Mass: 
742.4; Anal. Calcd C27H24I3N: C, 43.63; H, 3.25; N, 1.88; Found: C, 43.75; H, 
3.24; 1.93.   
Compound 3D 
The tri-iodo compound 5.10 (0.1 g, 0.13 mmol), carbazole ( 0.08 g, 0.53 
mmol) and Potassium carbonate ( 0.18 g, 1.3 mmol) were dissolved into 15 
mL of 1,2-dichloro benzene. The solution was degassed for 30 min. Then Cu 
powder (8 mg), CuI (16 mg) and 2,2
’-
 bi-pyridine (12 mg) were added to the 
reaction mixture and the whole solution was refluxed at 180 
0
C for 3 days 
under inert atmosphere. After cooling it down to room temperature, the 
solvent was distilled of by vacuum distillation and the crude mixture was 
purified by column chromatography to yield the pure compound 3D as white 
solid. Yield- 35%.  
 
1
H-NMR (300 MHz, CDCl3)  (ppm) 8.21 (d, J = 7.71 Hz, 6H), 7.66 (s, 6H), 
7.49 (d, J = 3.78 Hz, 12H), 7.35 (m, 6H), 1.80 (s, 18H); 
13
C-NMR (75 MHz, 
CDCl3): δ (ppm) 140.9, 126.0, 123.9, 123.3, 122.5, 122.4, 120.5, 120.4, 




The tri-iodo compound 5.10 (0.05 g, 0.067 mmol), Pyridine 4-boronic acid 
(0.03 g, 0.26 mmol) and PCy3 (0.01 g) were dissolved together into 5 mL of 
DMF. After degassing the solution for 30 min, Pd(PPh3)4 (3 mg) was added, 
and then again degassed for another 30 min. Finally aqueous solution of 
K3PO4 (1 mL, 1.2M) was added to the reaction mixture and it was refluxed for 
48 h at 100 
0
C. After cooling it down to room temperature, the solution was 
poured into ice water and extracted with ethyl acetate. After washing the 
organic layer with aqueous NaOH solution (to remove excess boronic acid) 
the organic layer was dried over Na2SO4 and the solvent was distilled off to 
yield the crude mixture as yellow thick oil. The crude mixture was first 
chromatographed over silica gel, followed by recrystalised from ethyl acetate 
to yield the pure compound 3A as yellow solid. Yield-46%.  
1
H-NMR (300 MHz, CDCl3)  (ppm) 8.70 (d, J = 4.71 Hz, 6H), 7.71 (s, 6H), 
7.59 (d, J = 5.28 Hz,  6H), 1.78 (s, 18H). 
13
C-NMR (75 MHz, CDCl3): δ 
(ppm) 148.8, 146.6, 138.3, 127.0, 121.8, 116.3, 115.4, 34.2, 31.1. Mass EI: 
596.5.  
Compound 5.11 
Compound 3.8 (0.13 g, 0.36 mmol) was dissolved into 8 mL of CHCl3 and the 
solution was cooled down to 0 
0
C. NBS (0.06 g, 0.36 mmol) was added to this 
reaction mixture in three batches, maintaining the temperature of the solution 
at 0 
0
C. After the addition of all the amount of NBS was completed, the 
reaction was warmed slowly to room temperature and the mixture was stirred 
at room temperature for 1 h. After 1 h, DCM and water were added and the 
combined organic solvent was extracted out. After drying over Na2SO4, the 
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organic solvent was distilled out to obtain the crude product which was 
purified by column chromatography to obtain the pure mono bromo compound 
5.11 as white solid. Yield- 35%.  
1
H-NMR (300MHz, CDCl3)  (ppm) 7.44 (s, 2H), 7.40 (m, 4H), 7.15 (t, 2H), 
1.62 (s, 6H), 1.60 (s, 12H); 
13
C-NMR (75MHz, CDCl3)  (ppm) 132.0, 131.5, 
131.3, 129.8, 129.3, 126.1, 123.5, 123.3, 123.1, 115.5, 35.6, 35.4, 33.2, 33.0, 






Mono bromo compound 5.11 (0.11 g, 0.24 mmol) was dissolved into 10 mL of 
acetic acid. After KI (0.12 g, 0.7 mmol) and KIO3 (0.15 g, 0.7 mmol) were 
added, the mixture was heated to 100 
0
C for 4 h. After the reaction mixture 
was cooled down to room temperature, it was poured into 20 mL of water and 
neutralized with aqueous NaOH solution. The resulting solution was extracted 
with DCM and then dried over anhydrous Na2SO4. After removing the organic 
solvent under reduced pressure the crude product was purified over silica gel 
using hexane as the eluent to yield compound 5.12 as a light yellow solid. 
Yield- 82%. 
1
H NMR (300MHz, CDCl3)  7.60 (ppm) (s, 4H), 7.44 (s, 2H), 1.57 (s, 12H), 
1.56 (s, 6H); 
13
C NMR (75MHz, CDCl3)  (ppm) 135.5, 133.5, 132.3, 131.9, 
131.3, 130.5, 126.4, 119.3, 116.3, 86.7, 35.5, 35.3, 32.73, 32.69; Mass-EI: 
696.8; Anal. Calcd C27H24BrI2N: C, 46.58; H, 3.47; N, 2.01; Found: C 46.54; 
H, 3.53; N, 1.99.  
Compound 5.13 
The mono bromo di-iodo compound 5.12 (0.065 g, 0.093 mmol), carbazole ( 
0.039 g, 0.23 mmol) and potassium carbonate ( 0.31 g, 2.2 mmol) were 
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dissolved into 15 mL of 1,2-dichloro benzene. The solution was degassed for 
30 min. Then 6 mg Cu powder, 10 mg CuI and 10 mg 2,2
’-
 bi-pyridine were 
added to the reaction mixture and the whole solution was refluxed at 180 
0
C 
for 2 days under inert atmosphere. After cooling it down to room temperature, 
the solvent was distilled of by vacuum distillation and the crude mixture was 
purified by column chromatography to yield the pure compound 5.13 as white 
solid. Yield-40%. 
1
H-NMR (300MHz, CDCl3)  (ppm) 8.20 (d, J = 7.55 Hz, 4H), 7.60 (s, 4H), 
7.53 (s, 2H), 7.46 (m, 8H), 7.34 (m, 4H), 1.74 (s, 6H), 1.72 (s, 12H). 
13
C NMR 
(75MHz, CDCl3)  (ppm) 140.9, 133.0, 131.7, 131.2, 131.2, 126.7, 126.0, 
123.3, 122.5, 122.3, 120.4, 119.8, 116.3, 109.6, 36.0, 35.5, 33.2. 
Mass-EI: 773.3. 
Compound 2D1A 
Compound 5.13 ( 0.055 g, 0.07 mmol) and pyridine 4-boronic acid ( 0.021 g, 
0.17 mmol) were dissolved into 5 mL of toluene into a 2 neck flask fitted with 
a reflux condenser. 3 mL of aqueous Na2CO3 solution (2M) was added to the 
reaction mixture and the solution was degassed for 15 min. 0.015 g PCy3 and 
catalytic amount of phase transfer catalyst TBAB were added and the mixture 
was degassed for another 30 min. Then Pd(PPh3)4 (4 mg, 0.002 mmol) was 
finally added to the reaction mixture and the solution was refluxed at 95 
0
C for 
48 h. After cooling it down to room temperature, the solution was poured into 
excess of water and extracted with ethyl acetate. After drying over Na2SO4, 
the organic solvent was removed under reduced pressure to get the crude 
product which was then purified by column chromatography to yield the pure 




H-NMR (300MHz, CDCl3)  (ppm) 8.70 (d, J = 4.74 Hz, 2H), 8.20 (d, J 
=7.74 Hz, 4H), 7.74 (s, 2H), 7.66 (m, 6H), 7.47 (m, 8H), 7.35 (m, 4H), 1.80 (s, 
12H), 1.76 (s, 6H); 
13
C NMR (75MHz, CDCl3)  (ppm) 149.1, 147.3, 141.0, 
133.0, 131.4, 131.1, 130.5, 128.5, 126.0, 125.0, 123.8, 123.3, 122.5, 122.4, 
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DONOR-ACCEPTOR COMPOUNDS FOR 
TWO PHOTON ABSORPTION 
CHROMOPHORES: EFFECT OF LINKER 






For last few decades, the wide range of promising applications of the two 
photon absorption materials in the field of biological imaging,
1
 optical power 
limiting
2







 and photodynamic 
therapy
6
 have motivated the researchers to design and synthesize organic 
compounds with large two photon absorption cross-section (δ). To achieve 
this goal, the most important thing is to design a molecule in a way that can 
provide maximum TPA cross-section. Among different strategies taken so far 
for designing efficient TPA chromophores, star-shaped octupolar donor-
acceptor type structure is proved to be very useful for achieving large TPA 
cross-section
7
.  In star-shaped compound, it’s the coherent coupling 
interaction between the branches that helps to increase the TPA cross-section
8
. 
Moreover, a planner and extended π-conjugated core is proved to be much 
promising candidate for TPA chromophores compared to a three 
dimensionally twisted and non conjugated core
8
.   
Because of this planarity and extended π-conjugation, the bridged-
triphenylamine unit is already proved to be a useful building block for 
achieving excellent TPA chromophores
9
. In the previous chapter, a very small 
value of TPA cross-section (98 GM) was achieved by symmetrically 
substituting the bridged triphenylamine core with weak electron acceptor 
pyridine. So, to achieve a higher value of TPA cross-section, in this chapter a 
series of star-shaped TPA chromophores are synthesized based on bridged 
triphenylamine unit which is symmetrically substituted with different strong 
electron acceptors.  
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 Recently Shao et al have reported
8
 a series of star-shaped octupolar donor 
acceptor compounds based on triazatruxenes moiety. The star-shaped 






Triphenylamine based star-shaped donor acceptor compounds are also known 
to be excellent TPA materials
10
. Compound 6.7 and 6.8 reported by yang et 
al
10
 have used the simple triphenylamine unit as the central core electron 
donor which has been substituted symmetrically in all the three sides by 
different acceptors to achieve the star-shaped octupolar donor acceptor 
compounds as TPA chromophores.  
In the previous chapter, our main aim was to compare the TPA properties of 
symmetrically and unsymmetrically substituted bridged triphenylamine based 
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octupolar donor acceptor compounds. But in this chapter, our main aim is to 
study the effect of terminal acceptor and effect of linker on the TPA properties 
of symmetrically substituted bridged triphenylamine based octupolar donor 
acceptor compounds.  
A large number of symmetrical octupolar donor-acceptor compounds have 
already been successfully employed as TPA chromophores
11-17
. Our key 
objective is to synthesize a series of bridged triphenylamine based star-shaped 
octupolar donor-acceptor molecules, similar to 3A, where bridged-
triphenylamine is symmetrically substituted with three different electron 
acceptors and each of the acceptors is attached with the central core by alkane 
as well as alkene linker (as shown in graphics below). 
 
Figure 6.1. Graphical representation of targeted compounds. 
 
So, total six target molecules are synthesized in this section of our work.  Then 
we study their linear optical properties, fluorescence life time and two photon 
absorption properties. As we make a series of star-shaped compounds by using 
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three different electron acceptors and by using different π-spacers, we can 
quantitatively study the effect of acceptor and effect of pi-spacer on their TPA 
cross-sections after studying their TPA properties.  
The type of the electron acceptor used, is a crucial parameter for achieving a 
high TPA cross-section. So the choice of the three electron acceptors (A1, A2, 
A3) are very important factors to achieve TPA chromophores which can show 
a good TPA properties according to our expectation. 
The compound 3A, reported in the previous chapter, has pyridine unit which is 
a very week electron acceptor as the end-group of the star-shaped compound. 
So, in this chapter, our objective is to use three electron accepting units of 
different strength.  
The use of cyano group (-CN) as electron acceptor is already proved to be 
very successful for donor-acceptor type TPA chromophores
8,10
. In addition, 
compound 6.3 which is bearing cyano group as the electron acceptor, has 
larger TPA cross-section (δmax) than structurally similar compound 6.1 and 
6.2
8
.  So, cyano group has been chosen as one of our electron accepting unit 
for our TPA chromophores. 
Many researchers have used aldehyde group (-CHO) as an effective electron 
acceptor for making star-shaped TPA materials. Donor-acceptor TPA 
chromophores, using –CHO as the electron acceptor is reported18 to have a 
high two photon absorption cross-section value of 1265 GM. So, aldehyde has 
been chosen as our second electron accepting unit. 
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Dicyanomethylene group which is a very strong electron acceptor known for 
making conjugated compounds, has also found its use as electron accepting 
unit in many star-shaped TPA compounds
8,10
. Compound 6.8 which is 
containing this dicyanomethylene group has the maximum TPA cross-section 
among its class of TPA compounds. So, dicyanomethylene group is chosen to 
be our third electron accepting group. 
So, using the bridged triphenylamine unit as the central electron donor and 
CN, CHO and dicyanomethylene as the three electron acceptors, our six target 
molecules designed are 6.9-S-CN, 6.10-S-CHO, 6.11-S-V-CN, 6.12-D-CN, 
6.13-D-CHO and 6.14-D-V-CN.  Our objective is to synthesize these six 
targeted star-shaped compounds, then to study their optical properties, 
fluorescence life time and to study their TPA properties. Our final objective is 
to compare their TPA cross-section and to study the effect of linker and end 







6.2. Results and Discussions 
6.2.1. Synthesis of compound 6.15 to 6.18. 
The boronic-ester 6.15 and 6.16 were synthesized from 4-bromo benzaldehyde 
and 4-bromo benzo nitrile respectively, with high percentage of yield, using 
miyaura borylation reaction
19
. The synthetic approach for the synthesis of 6.15 
and 6.16 from their corresponding bromo derivative, by using BuLi and 
borolane, was not proved to be successful. So the miyaura borylation 
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condition was employed using bis (pinacolato) diboron and palladium (II) 
catalyst in DMSO solvent. The vinyl compounds 6.17 and 6.18 were 
synthesized from 4-bromo benzaldehyde and 4-bromo benzo nitrile 
respectively, using palladium (II) catalyst Heck coupling reaction
20
 with 
tributyl vinyl tin in dry and degassed toluene solvent. (Scheme-6.1). 
 
Scheme 6.1. Synthesis of compounds 6.15 to 6.18. 
Reaction conditions: (i) Bis(pinacolato)diboron, KOAc, PdCl2(dppf), DMSO, 
90 
0
C, 18 h; (ii) Bis(pinacolato)diboron, KOAc, PdCl2(dppf), DMSO, 90 
0
C, 





12h; (iv) PdCl2(PPh3)2, Tributyl vinyl tin, 2,6-di tertiary butyl 





6.2.2. Synthesis of compound 6.9-S-CN, 6.10-S-CHO and 6.11-S-V-CN 
The tri-bromo compound 6.19 was synthesized by doing tri-bromination of the 
bridged triphenylamine 3.8, using excess of NBS in CHCl3. The final 
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compounds 6.9-S-CN, 6.10-S-CHO were synthesized with a fair yield by 
doing three fold Suzuki coupling of tri bromo compound 6.19  
 
        Scheme 6.2. Synthesis of compounds 6.9-S-CN, 6.10-S-CHO and 6.11-
S-V-CN. 
Reaction conditions: (i) NBS, CHCl3, r.t, 2 h; (ii) Pd(PPh3)4, aq Na2CO3, 
Toluene, PCy3, 95 
0
C, 60 h; (iii) Pd(PPh3)4, aq Na2CO3, Toluene, PCy3, 95 
0
C, 
18 h; (iv) Malononitrile, Pyridine, Molecular sieve, NH4OAc, AcOH, r.t, 6 h. 
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with compound 6.16 and 6.15 respectively, using almost similar reaction 
condition. Star-shaped compound 6.11-S-V-CN was synthesized by doing 
three fold Knoevenagel condensation on the three aldehyde groups of the 6.10-
S-CHO with excess of malononitrile
10
. Water is a by-product of Knoevenagel 
condensation, so, the molecular sieve powder was used. This molecular sieve 
has helped to shift the equilibrium of the reaction towards product side by 
consuming the water produced during the course of reaction. NH4OAc/ AcOH 
reagent combination was used as buffer, to maintain the pH of the reaction 
medium. Dry pyridine was used to serve the purpose of the base as well as the 
solvent (Scheme-6.2).   
6.2.3. Synthesis of compound 6.12-D-CN, 6.13-D-CHO and 6.14-D-V-CN.  
The final compounds 6.12-D-CN and 6.13-D-CHO were synthesized by doing 
three fold heck coupling reaction
21
 on the tri-bromo compound 6.19 with the 
vinyl compound 6.18 and 6.17 respectively, under identical reaction condition. 
The heck-coupling reaction has given a mixture of compounds where some of 
the double bonds of 6.12-D-CN/ 6.13-D-CHO were Z-configured and some 
were E-configured. The mixture was purified by column chromatography to 
obtain the pure 6.12-D-CN and 6.13-D-CHO which contains all of their 
double bonds in only E-configuration. The E-configuration of all the double 





coupling constant (J = ~16 Hz) of the protons of the vinylene π-bridges, in the 
proton NMR spectra. The vinyl compound 6.17 and 6.18 were not very stable, 
so after synthesizing the compounds, they were immediately used for the next 
step (Heck Coupling).  The last final compound 6.14-D-V-CN was synthesized 
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by doing the three fold knoevenagel condensation on the three aldehyde groups 
of the 6.13-D-CHO. The reaction conditions and reagents were same as that of 
6.11-S-V-CN. It only took longer time to complete the reaction for 6.14-D-V-
CN compared to that of 6.11-S-V-CN.  
 
Scheme 6.3. Synthesis of compound 6.12-D-CN, 6.13-D-CHO and 6.14-D-
V-CN. 
Reaction conditions: (i) Pd(OAc)2, P(o-Tollyl)3, DMF, Et3N, 95 
0
C, 24h; (ii) 
Pd(OAc)2, P(o-Tollyl)3, DMF, Et3N, 95 
0
C, 24h; (iii) Malononitrile, Pyridine, 




6.2.4. Linear Optical Properties 
The UV absorption and PL emission of the six compounds were measured in 
dilute solution in toluene at room temperature. All the compounds showed 
broad and intense absorption. The UV absorption peak maxima (λabs) and PL 
emission peak maxima (λem) of all the compounds were dependent on two 
factors, one factor is the strength of the terminal electron acceptor and another 
is the type of π-spacer used between the central donor and the terminal 
acceptor. So, the overall optical properties of all these compounds were 
controlled by two parameters.  
Effect of Terminal Acceptor: For the first three compounds, the terminal 
group was varied keeping the π-spacer same. So, their optical properties were 
depended only on the type of their acceptor group.  
On going from 6.9-S-CN to 6.10-S-CHO, the terminal electron acceptor has 
been changed from cyano to aldehyde. So the λabs of 6.10-S-CHO is 14 nm red 
shifted compared to that of 6.9-S-CN. The PL emission of 6.10-S-CHO (459 
nm) is also 25 nm red shifted than the λem of 6.9-S-CN (434 nm). A possible 
explanation is that the aldehyde is stronger electron acceptor compared to 
cyano group. So, due to stronger electron accepting strength of -CHO, the ICT 
(inter molecular charge transfer ) from the centre to the terminal of the 
molecule is increased and consequently the HOMO-LUMO gap is decreased 
and that leads to red shift of λabs  and λem for 6.10-S-CHO compared to that of 
6.9-S-CN. This type of bathochromic shift of the λabs and λem due to increase 
of ICT is also seen for other literature reported compounds and it’s well 
documented in literature
8,10
. The same trend can also be seen on going from 
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6.10-S-CHO to 6.11-S-V-CN. As a very strong electron accepting 
dicyanomethylene group (stronger than -CHO) is attached at the terminal of 
6.11-S-V-CN, the ICT is increased and therefore the UV absorption as well as 
the PL emission was shifted to further longer wavelength for 6.11-S-V-CN 
compared to that of 6.10-S-CHO. As the dicyanomethylene group is the 
strongest electron accepting group among this particular series ( Electron 
accepting strength: Dicyanomethylene > -CHO > -CN), the compound 6.11-S-
V-CN which is bearing this dicyanomethylene group as the terminal electron 
acceptor, has most red shifted UV and PL peak maxima among this series of 
compounds.(6.9-S-CN, C-CHO, 6.11-S-V-CN). 
Table 6.1. Linear optical properties of 6.9-S-CN, 6.10-S-CHO, 6.11-S-V-
CN, 6.12-D-CN, 6.13-D-CHO and 6.14-D-V-CN in toluene solution. 
 
Comparing the optical properties of 6.12-D-CN, 6.13-D-CHO and 6.14-D-V-














6.9-S-CN 335, 386 434 2865 0.31 
6.10-S-CHO 337, 400 459 3213 0.55 
6.11-S-V-CN 321, 478 566 3252 0.12 
6.12-D-CN 305, 429 482 2563 0.65 
6.13-D-CHO 308, 432 498 3067 0.58 
6.14-D-V-
CN 
359, 502 589 3022 0.14 
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continuously shifted towards longer wavelength on going from the 6.12-D-CN 
to 6.13-D-CHO to 6.14-D-V-CN. It’s interesting to note that, on going from 
6.9-S-CN to 6.10-S-CHO, the UV absorption has been red shifted by 14 nm 
whereas on going from 6.12-D-CN to 6.13-D-CHO, the UV absorption is red 
shifted by only 3 nm. So, the replacement of cyano with aldehyde group has 
significant effect on the UV absorption spectra if the distance between the 
donor and acceptor is shorter. But, replacement of the cyano with aldehyde has 
only a little effect on the UV absorption spectra if the distance between the 
donor and acceptor unit is longer. This is true only for the absorption spectra. 
The effect of cyano and aldehyde group on the emission spectra does not 
depend on the distance between the donor and the acceptor.  As, for all of 
them, the same linker is used between the central core and the terminal of the 
molecule, their linear optical properties depends only on the strength of their 
terminal electron acceptor. So, based on the strength of the electron acceptor, 
their ICT was increased on going from 6.12-D-CN to 6.13-D-CHO to 6.14-D-
V-CN. Consequently, the UV absorption and PL emission is also red shifted 
on going from 6.12-D-CN to 6.13-D-CHO to 6.14-D-V-CN. The optical 
properties of all the compounds are summarized in table- 6.1. 
Effect of Linker: In order to study the effect of linker (π-spacer), the optical 
properties of 6.9-S-CN and 6.12-D-CN were compared. Both of the 
compounds contains cyano group as their terminal electron acceptor but the π-
spacer used between the central core and the terminal acceptor is alkane linker 
(single bond) and alkene (double bond) linker for 6.9-S-CN and 6.12-D-CN 
respectively. The UV absorption of 6.12-D-CN is 43 nm red shifted compared 
to that of 6.9-S-CN. The PL emission of 6.12-D-CN is also red shifted by 48 
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nm compared to that of 6.9-S-CN. This is because of the fact that the length of 
conjugation between the donor and acceptor unit is longer in 6.12-D-CN 
compared to 6.9-S-CN. Due to longer length of conjugation, the HOMO-
LUMO gap is lesser in 6.12-D-CN compared to 6.9-S-CN, consequently UV 
and PL spectra is red shifted for 6.12-D-CN than that of 6.9-S-CN. So, here 
it’s clearly seen that the wavelength of absorption and emission increases with 
the increase of the conjugation length
8,10
. The similar trend can also be 
observed by comparing the optical properties of 6.10-S-CHO with 6.13-D-
CHO or 6.11-S-V-CN with 6.14-D-V-CN. In all the above compounds, by 
keeping the donor and acceptor unit same, their UV and PL peak maxima 
shifts to longer wavelength as the length of conjugation increases.   
The stokes shift was measured by (1/λabs – 1/ λem) in cm
-1 
unit. This large 
stokes shift for all the three compounds is very significant. It indicates that for 
all the three compounds, a large charge distribution happens on excitation 
prior to emission
8
. It’s also a clear indication that the emission originates from 
a strongly dipolar emissive states
22
. 
All the compounds showed a moderate quantum yield. The low quantum yield 
of compound 6.11-S-V-CN and 6.14-D-V-CN may be due to their very strong 
intramolecular charge transfer. This transfer would promote the solute-solvent 
interaction, by which the excited state of the compound would be readily 
quenched and consequently the quantum yield has decreased significantly
23,24
. 
This type of low quantum yield for the chromophores which contains strong 






The literature reported compounds 6.7 and 6.8 are structurally very similar to 
our synthesized compound 6.12-D-CN and 6.14-D-V-CN respectively. It’s 
worthy to note that our synthesized compound 6.12-D-CN has red shifted UV 
and PL maxima compared to that of the literature reported compound 6.7. 
Similarly 6.14-D-V-CN also shows a red shifted UV/PL compared to that of 
6.8. It’s again another proof of the superiority of bridged-triphenylamine than 
simple triphenylamine, as electron donor.  It’s the strong electron donating 
capacity of bridged-triphenylamine compared to triphenylamine, which shifts 
the UV/ PL maxima of synthesized compound to longer wavelength compared 
to that of reference compound.  
The normalized UV and PL spectra of the compounds 6.9-S-CN, 6.10-S-
CHO, 6.11-S-V-CN, 6.12-D-CN, 6.13-D-CHO and 6.14-D-V-CN are shown 
in figure 6.2, 6.3, 6.4, 6.5, 6.6 and 6.7 respectively. 
 
Figure 6.2. Normalized UV absorption spectra and PL emission spectra of 
compound 6.9-S-CN measured in dilute toluene solution at room temperature. 



















































  Normalized UV Absorption of 6.9-S-CN 







Figure 6.3. Normalized UV absorption spectra and PL emission spectra of 
compound 6.10-S-CHO measured in dilute toluene solution at room 
temperature. 
 
Figure 6.4. Normalized UV absorption spectra and PL emission spectra of 
compound 6.11-S-V-CN measured in dilute toluene solution at room 
temperature. 
 



















































 Normalized UV Absorption of 6.10-S-CHO 























































  Normalized UV Absorption of 6.11-S-V-CN







Figure 6.5. Normalized UV absorption spectra and PL emission spectra of 
compound 6.12-D-CN measured in dilute toluene solution at room 
temperature. 
 
Figure 6.6. Normalized UV absorption spectra and PL emission spectra of 
compound 6.13-D-CHO measured in dilute toluene solution at room 
temperature. 



















































         Normalized UV Absorption of 6.12-D-CN





















































 Normalized UV Absorption of 6.13-D-CHO







Figure 6.7. Normalized UV absorption spectra and PL emission spectra of 
compound 6.14-D-V-CN measured in dilute toluene solution at room 
temperature. 
 
6.2.5. Fluorescence life time measurement. 
The fluorescence life time of the six compounds were recorded in dilute 
toluene solution at room temperature. The time-resolved fluorescence was 
measured by using the time-correlated single photon counting (TCSPC) 
technique. The experiments were conducted on a Fluorolog HORIBA 
JOBNYVON instrument with instrument response function (IRF) of 260 ps. A 
HORIBA JobinYvon pulsed laser diode at 374 nm was used as the excitation 
source for samples 6.9-S-CN, 438 nm was used as the excitation source for 
samples 6.10-S-CHO, 6.12-D-CN and 6.13-D-CHO and 483 nm was used as 
the excitation source for 6.11-S-V-CN and 6.14-D-V-CN.  

















































  Normalized UV absorption of 6.14-D-V-CN






Figure 6.17 shows the fluorescence decay curve of all the six compounds with 
time (ns). All the compounds show a mono-exponential decay of fluorescence 
with time. The life time of 6.9-S-CN, 6.10-S-CHO, 6.11-S-V-CN, 6.12-D-
CN, 6.13-D-CHO and 6.14-D-V-CN are 3.68 ns, 2.83 ns, 3.97 ns, 2.52 ns, 
2.55 ns and 3.00 ns respectively. The fluorescence life time of compound 
6.12-D-CN and 6.13-D-CHO are very close to each other, so, the decay curve 
of 6.12-D-CN and 6.13-D-CHO have almost merged with each other. From 
the decay curve, it’s clearly seen that the rate of decay is slowest for 
compound 6.11-S-V-CN which has maximum life time. The decay rate is 
fastest for compound 6.12-D-CN which has minimum life time. Table-6.2 
summarizes the fluorescence life time of all the six compounds.  
 
Table 6.2. Fluorescence life times of all the six compounds. 
 










Figure 6.8. Fluorescence decay curves of 6.9-S-CN, 6.10-S-CHO, 6.11-S-V-
CN, 6.12-D-CN, 6.13-D-CHO and 6.14-D-V-CN in dilute toluene solution at 
room temperature. 
6.2.6. Two Photon Absorption Study 
The two photon absorption (TPA) spectra and TPA cross-section of all the six 
compounds were recorded in a toluene solution with concentration of 10
-5
(M). 
TPA cross section was measured by using 4,4
’
-bis (diphenylamino) stilbene 
(BDPAS) as the reference. TPA properties were measured by using TPEF 
method
25a
. The two photon induced fluorescence spectra for all the compounds 
(except 6.11-S-V-CN and 6.14-D-V-CN) were obtained by exciting the 
solution with the laser having the wavelength in a range of 620 nm to 810 nm. 
The toluene solution of compound 6.11-S-V-CN was excited with the laser 
having the wavelength in a range of 700 nm to 810 nm and the solution of 
6.14-D-V-CN was excited with the laser having the wavelength in a range of 
770 nm to 840 nm. Although it’s preferable to measure the two-photon 
induced fluorescence intensity using same wavelength range for all the 

























  Decay curve of 6.9-S-CN
  Decay curve of 6.12-D-CN
  Deacy curve of 6.10-S-CHO
  Decay curve of 6.13-D-CHO
  Deacy curve of 6.11-S-V-CN
  Decay curve of 6.14-D-V-CN
 197 
 
compounds under consideration, in some cases it’s also reported to measure 
the TPEF intensity using different range of wavelength for different 
compounds 
25b-f,8,10,22
. The detail techniques and methods used for TPA study 
were already mentioned in chapter-4. Here the same techniques and method 
has been followed.  
 The TPA cross-section value (δ) for any particular one compound varies with 
the variation of the excitation wavelength. So, particularly at one excitation 
wavelength the TPA cross-section value becomes maximum, it’s called 
maximum TPA cross-section and it’s denoted by δmax. TPA cross-section per 
unit of molecular weight (δmax/ M.W) is called reduced cross-section.
26
 In 
addition to calculate and compare the δmax value of all the compounds, it’s also 
an important aspect of this project to measure and compare their (δmax/ M.W) 
and (δmax/ Nπ) value where Nπ is the number of effective pi-electrons in a 
molecule.  The product of the δmax and the fluorescence quantum yield for a 
compound is called two photon action cross-section
8
 or two-photon brightness 
(Φδmax).  
The TPA cross-section (δmax), 2-P brightness (Φδmax), reduced cross-section 
(δmax/ M.W) and (δmax/ Nπ) value for all the six compounds were calculated 







Table 6.3. Two photon absorption properties of 6.9-S-CN, 6.10-S-CHO, 




Wavelength (nm) corresponding to maximum two photon absorption cross-
section. 
b
 Two photon absorption cross-section (GM) maximum in the 








 TPA cross-section maximum 
per molecular weight. 
d
 TPA cross-section maximum per effective number of 


















 / Nπ Φδ
e
 (GM) 
6.9-S-CN 680 378 0.56 8.59 117.18 
6.10-S-
CHO 
700 617 0.91 11.01 339.35 
6.11-S-V-
CN 
810 945 1.15 16.87 113.40 
6.12-D-CN 740 548 0.73 10.96 356.2 
6.13-D-
CHO 
790 819 1.08 13.20 475.02 
6.14-D-V-
CN 








Figure 6.10. TPA spectra of compound 6.10-S-CHO and 6.13-D-CHO in 
toluene. 


























  TPA spectra of compound 6.9-S-CN
  TPA spectra of compound 6.12-D-CN






























  TPA spectra of compound 6.10-S-CHO








Figure 6.12. TPA spectra of compound 6.14-D-V-CN in toluene. 
 





























 TPA spectra of compound 6.11-S-V-CN































Figure 6.13. 2P- brightness (2P- Action cross-section) (δΦ) spectra of 6.9-S-
CN and 6.12-D-CN in toluene. 
 
Figure 6.14. 2P- brightness (2P- Action cross-section) (δΦ) spectra of 6.10-S-
CHO and 6.13-D-CHO in toluene. 
 




























 2P-brightness spectra of 6.9-S-CN
 2P-brightness spectra of 6.12-D-CN
































 2P-brightness spectra of 6.10-S-CHO




Figure 6.15. 2P- brightness (2P- Action cross-section) (δΦ) spectra of 6.11-S-
V-CN in toluene. 
 
 
Figure 6.16. 2P- brightness (2P- Action cross-section) (δΦ) spectra of 6.14-D-
V-CN in toluene. 
 
 
The TPA spectra of the all the six compounds are shown from figure-6.9 to 
figure-6.12. The 2P brightness spectra of the compounds are shown in figure-
6.13 to figure-6.16.  



























  2P-brightness spectra of 6.11-S-V-CN



























 2P-brightness spectra of 6.14-D-V-CN
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It can be seen from the table-6.3 that the TPA cross-section maxima (δmax) of 
all the compounds range from 378 GM to 1760 GM. Now in order to 
understand the effect of the electron acceptor and the effect of the π-spacer 
(linker) on their TPA cross-section, the δmax of the compounds are compared 
with each other. 
Effect of electron acceptor: To understand the effect of electron acceptor on 
their TPA cross-section, the TPA cross-section (δmax) values for the first three 
compounds (6.9-S-CN, 6.10-S-CHO and 6.11-S-V-CN) have been taken 
under consideration because for all of these compounds, their central core 
electron donor is same and the linker between the donor and acceptor is also 
same, only the terminal electron acceptor group is varied from each other.  
The TPA cross-section of 6.10-S-CHO is 1.63 times larger than that of 6.9-S-
CN and the TPA cross-section of the 6.11-S-V-CN is again 1.53 times larger 
than that of 6.10-S-CHO. So it is observed that the TPA cross-section value in 
toluene increases on going from 6.9-S-CN to 6.10-S-CHO to 6.11-S-V-CN. 
The reason mainly lies in the electron accepting strength of the terminal 
electron acceptor. As the electron accepting strength of the three electron 
accepting group is in the order of- dicyanomethylene > -CHO > -CN, the TPA 
cross-section increases monotonically with the increase of the electron 
accepting capacity. The phenomena of the increase of TPA cross-section with 
increase of electron accepting power are already observed for other star-
shaped compounds and it’s well reported in literature8,10,27. With increase of 
the electron accepting strength, the ICT increases which leads to increase of 
the TPA cross-section. It’s well established fact that the δmax for octupolar 





The gradual red shift of the linear absorption and emission spectra on going 
from 6.9-S-CN to 6.10-S-CHO to 6.11-S-V-CN provides an additional 
support for this conclusion.  
It’s not only the linear absorption and emission peak maxima but also the 
wavelength corresponding to maximum TPA cross-section is shifted towards 
longer wavelength on going from 6.9-S-CN to 6.10-S-CHO to 6.11-S-V-CN.  
The same trend of δmax value and the λmax corresponding to the maximum TPA 
cross-section is observed for the other series of compounds (6.12-D-CN, 6.13-
D-CHO and 6.14-D-V-CN). The TPA cross-section of 6.12-D-CN is 548 GM 
and the TPA cross-section of 6.13-D-CHO is 819 GM which is 1.49 times 
larger than that of 6.12-D-CN. The TPA cross-section of 6.14-D-V-CN is 
again 2.14 times larger than that of 6.13-D-CHO. Again, the central core 
donor unit and the linker are same for all these three compounds 6.12-D-CN, 
6.13-D-CHO and 6.14-D-V-CN. The only thing that’s different among them 
is their terminal electron acceptor. So the change of the TPA cross-section is 
attributed to only their terminal electron accepting group. Their TPA cross-
section increases monotonically with strength of their terminal electron 
acceptor. The λmax corresponding to the maximum TPA cross-section (λmax
TPA
) 
has also shown a bathochromic shift on going from 6.12-D-CN to 6.13-D-
CHO to 6.14-D-V-CN.  The reasons for this observed trend of TPA cross-
section or the λmax
TPA
 value for the last three compounds (6.12-D-CN, 6.13-D-
CHO, 6.14-D-V-CN) are exactly same as the reasons applicable for the first 
three compounds of the series. So this observed trend of the TPA cross-section 
or λmax
TPA




So it can be concluded that the character of the terminal electron acceptor 
significantly affects the δmax value and the λmax
TPA
 value for our compounds 
and both δmax and λmax
TPA
 value increases with the increase of the strength of 
terminal electron accepter.  
Effect of linker: To study the effect of the linker or π-spacer used between the 
donor and acceptor unit, on the TPA properties, the δmax values of the 6.9-S-
CN and 6.12-D-CN are compared because both of the 6.9-S-CN and 6.12-D-
CN contain same electron donor and acceptor group but they use different 
type of linker to connect the donor and acceptor moiety. In 6.9-S-CN, the 
central donor and the terminal acceptor is connected through single bond 
linkage whereas in 6.12-D-CN, they are connected with a double bond 
linkage. The δmax of 6.12-D-CN is 548 GM that’s 1.44 times larger than that of 
6.9-S-CN. Similarly the δmax of 6.13-D-CHO is larger than that of 6.10-S-
CHO and δmax of 6.14-D-V-CN is also larger than that of 6.11-S-V-CN. The 
reason is the conjugation length between the donor and acceptor group. The 
conjugation is longer in double bond containing compounds (6.12-D-CN, 
6.13-D-CHO, 6.14-D-V-CN) compared to single bond containing compounds 
(6.9-S-CN, 6.10-S-CHO, 6.11-S-V-CN).  In addition, a double bond linkage 
provides a better conjugation compared to a single bond linkage. The TPA 
cross-section of a compound increases with the increase of conjugation length 
between the donor and acceptor unit. This phenomenon is also observed for 
other literature reported star-shaped and octupolar compounds
8,10,22
. The 
compound with longer conjugation length may have a larger number of 
density of states that could provide a much more effective coupling channels 





. Along with the TPA cross-section, the λmax
TPA 
is 
also shifted towards longer wavelength on going from 6.9-S-CN to 6.12-D-
CN/ 6.10-S-CHO to 6.13-D-CHO/ 6.11-S-V-CN to 6.14-D-V-CN. With the 
length of the conjugation, their ICT becomes stronger and their stronger ICT 
not only shifts the one photon absorption/ emission peak maxima but also 
shifts the two photon absorption peak maxima towards a longer wavelength.  
So, it can be concluded that the type of linker used between the donor and 
acceptor group significantly affects the δmax value and the λmax
TPA
 value for our 
compounds. Star shaped donor acceptor type compound gives a better δmax 
value if the donor and acceptor group is connected with double bond 
compared to one where donor and acceptor is connected with a single bond.  
To achieve the maximum TPA cross-section is not the only consideration for a 
compound to have good application as TPA dyes. Sometimes it’s also 
necessary to pack maximum TPA cross section into smallest possible 
chromophores. So for this purpose, the TPA cross section per molecular 
weight (δmax / M.W) or TPA cross section per effective number of π-electron 
is a relevant figure of merit for any compound. As molecular weight is an 
important parameter for biological dyes for it’s quick delivery across the 
membrane, a low- molecular weight compound is very favourable for its 
biological applications
30
. So it’s always a matter of challenge to fit maximum 
TPA cross section into small molecule.   
So, by comparing the δmax / M.W values called as reduced cross-section
31
 
values for the above compounds, it’s noted that on going from 6.9-S-CN to 
6.10-S-CHO the molecular weight is increased by only 1.34% whereas the 
δmax is increased by 63.2%. Similarly on going from 6.9-S-CN to 6.12-D-CN, 
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the δmax is increased by 45% by increasing their molecular weight only by 
11%. Most importantly, on going from 6.9-S-CN to 6.11-S-V-CN, the δmax is 
increased by 150% by increasing their molecular weight only by 22.8%. So 
it’s worthy to note that the δmax / M.W value gradually increases on moving 
from 6.9-S-CN (0.56) to 6.10-S-CHO (0.91) to 6.11-S-V-CN (1.15). The δmax 
/ M.W of 6.12-D-CN (0.73), 6.13-D-CHO (1.08) and 6.14-D-V-CN (1.95) is 
larger than that of 6.9-S-CN (0.56), 6.10-S-CHO (0.91) and 6.11-S-V-CN 
(1.15) respectively. So it can be concluded that for  star-shaped donor-acceptor 
TPA chromophores, the incorporation of a very strong electron accepting 
group or use of vinyl linker between the donor and acceptor unit, is an 
efficient and useful tool to obtain a high δmax / M.W value and therefore to fit a 
large TPA cross-section into a small volume.   
For applications that require strong TPA such as optical limiting and 3D 
microfabrication, compound with large value of δmax/M.W is also needed. 
Compounds with δmax / M.W value to be more than or eqal to 1 is already 
considered as very useful chromophores for such applications
32.  It’s observed 
from table-6.4 that compound 6.11-S-V-CN and 6.14-D-V-CN have the 
reduced cross-section value of more than 1. So these compounds can be 
considered as a potential candidate for such applications.  
It can also be seen that the δmax / Nπ  value for the compounds are 8.59, 11.01, 
16.87, 10.96, 13.20 and 28.38 for 6.9-S-CN, 6.10-S-CHO, 6.11-S-V-CN, 
6.12-D-CN, 6.13-D-CHO and 6.14-D-V-CN respectively. So the δmax/Nπ 
value also increases on going from 6.9-S-CN to 6.10-S-CHO to 6.11-S-V-CN. 
Actually the δmax/Nπ value for this series of compounds increases with increase 





 where the δmax/Nπ  value increases with the number of π-
electrons in the molecule.  
Another important parameter for the TPA dyes to be used as tracers or 
probes for biological applications is their two photon brightness
30
 (2P action 
cross-section) which is the product of their TPA cross-section and the 
quantum yield. Considering the first three compounds of the series, although 
the TPA cross-section value is highest for 6.11-S-V-CN, the 2P-brightness 
value is largest for 6.10-S-CHO. This is because of the very low quantum 
yield of 6.11-S-V-CN compared to that of 6.10-S-CHO. Similarly compound 
6.13-D-CHO shows the highest 2P-brightness value among the last three 
compounds of the series. It’s worthy to note that compared with rhodamine B 
which is very common commercial fluorophore with TPA cross-section value 
of 200 GM and 2P-brightness value of 140 GM at 800 nm in MeOH solvent
33
, 
both of our compounds 6.10-S-CHO and 6.13-D-CHO have much higher 
TPA cross-section and 2P-brightness. So, our synthesized compound 6.10-S-
CHO and 6.13-D-CHO could be potentially efficient candidate for two 
photon fluorescent probes.  
It’s also a noticeable fact that our synthesized compound 6.12-D-CN has 2.5 
times higher TPA cross-section compared to its structurally similar compound 
6.7
10
 which contains same number of π-electrons as that of 6.12-D-CN. 
Similarly our synthesized compound 6.14-D-V-CN has 1.46 times higher TPA 
cross-section compared to its structurally similar compound 6.8
10
 which 
contains same number of π-electrons as that of 6.14-D-V-CN. In addition, 
although compound 6.7
10
 has more extended conjugation compared to 6.9-S-
CN, the TPA cross-section of 6.7 is even smaller than that of our synthesized 
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compound 6.9-S-CN. That means more desired nonlinear optical properties is 
obtained from relatively smaller compound. So, replacing the simple 
triphenylamine with bridged-triphenylamine unit has improved the TPA 
properties significantly. Thus, for the same number of π-electrons in a 
molecule, the bridged triphenylamine series exhibit larger TPA cross-section 





In this section of our work, six novel bridged triphenylamine based octupolar 
donor-acceptor compounds were synthesized. All the compounds were proved 
to be excellent TPA chromophores. The tri-bromo compound 6.19 was the key 
intermediate and Heck coupling and Suzuki coupling reactions were the key 
reactions for the synthesis of all the six target molecules.  
All the compounds showed high TPA cross-section ranges from 378 GM to 
1760 GM. TPA cross-section of the compounds showed significant 
dependence on the nature of the terminal electron acceptor and type of the 
linker used between the donor and acceptor unit. Strong electron acceptor and 
double bond linkage was proved to be the most efficient tool to maximize the 
TPA cross-section for our bridged triphenylamine based star-shaped donor 
acceptor compounds. Our synthesized compound 6.12-D-CN and 6.14-D-V-
CN showed higher TPA cross-section than its structurally similar compound 
6.7 and 6.8 respectively. Compound 6.10-S-CHO and 6.13-D-CHO showed 
higher TPA cross-section and higher 2P-brightness value compared to 
commercially available fluorophore rhodamine-B. So they could be potential 
2P fluorescent probes. Thus, bridged triphenylamine could emerge as an 
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excellent central core electron donating unit for the synthesis of octupolar 
donor-acceptor type TPA chromophores. This work could give new directions 
for further tuning of the TPA properties of octupolar donor-acceptor type 
compounds based on bridged triphenylamine core, in future. This work could 
also motivate the researcher to use bridged triphenylamine unit instead of 
conventional triphenylamine unit as the central core electron donor in star-
shaped donor-acceptor TPA materials for achieving a better non-linear optical 
properties. 




C NMR spectra were recorded with Bruker ACF300 or DPX 300 or 
DPX 500 spectrometer in CDCl3 or Acetone-d6 solvent. EIMS mass spectra 
were recorded using a Micromass 7034E mass spectrometer. Elemental 
analysis was conducted with a Perkin-Elmer 240C elemental analyzer for C, H 
and S determination at the Chemical and Molecular analysis Centre, 
Department of Chemistry, National University of Singapore. UV-Vis and 
fluorescence spectra were obtained using a Shimadzu UV 3101PC UV-Vis-
NIR spectrometer and a Perkin-Elmer LS 50B luminescence spectrometer 
with a xenon lamp as light source respectively.  
For the fluorescence life time measurement, the time-resolved fluorescence 
was measured by using the time-correlated single photon counting (TCSPC) 
technique. The experiments were conducted on a Fluorolog HORIBA 
JOBNYVON instrument with instrument response function (IRF) of 260 ps. A 
HORIBA JobinYvon pulsed laser diode at 374 nm was used as the excitation 
source for samples 6.9-S-CN, 438 nm was used as the excitation source for 
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samples 6.10-S-CHO, 6.12-D-CN and 6.13-D-CHO and 483 nm was used as 
the excitation source for 6.11-S-V-CN and 6.14-D-V-CN. 
The two photon absorption measurements were conducted with the excitation 
of 1 kHz pulse train with pulse duration of 120 fs and energy of 0.3 uJ/pulse 
from an optical parametric amplifier. The amplifier was driven by a 
Ti:sapphire regenerative amplifier. The luminescence was collected in a 
conventional back-scattering geometry, dispersed in a 50 cm monochromator 
and detected with a photomultiplier using standard lock-in amplification.  
All the commercially available compounds  and solvents were used as it is 
received from Aldrich or Fluka without further purification. Ether, toluene, 
triethylamine, THF and other specified anhydrous solvent were distilled under 
nitrogen atmosphere over calcium hydride or sodium. Other solvents (AR 
grade) were used without further purification if not specified.  
Synthetic procedure 
Compound 6.15. 
4-bromo benzaldehyde (0.5 g, 2.7 mmol), Bis(pinacolato)diboron (0.82 g, 3.2 
mmol) and KOAc (1.06 g, 10 mmol) were dissolved into 10 mL of dry DMSO 
into a 2 neck round bottle flask fitted with a reflux condenser. After degassing 
the solution for 30 min, PdCl2(dppf) (20 mg, 0.02 mmol) was added and the 
reaction mixture was refluxed for 18 h at 90 
0
C under inert atmosphere. After 
cooling it down to room temperature, the reaction mixture was poured into ice 
water and extracted with ethyl acetate. After washing with brine, the organic 
layer was separated, dried over Na2SO4 and the solvent was evaporated off to 
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yield the crude product mixture which was then chromatographed over silica 
gel to yield the pure compound 6.15 as white solid. Yield- 95%.  
1
H-NMR (300 MHz, CDCl3)  (ppm) 10.02 ( s, 1H ), 7.95 ( d, J = 8.2 Hz, 2H), 
7.85 ( d, J = 8.2 Hz, 2H ), 1.34 ( s, 12H); 
13
C-NMR (75 MHz, CDCl3): δ 





are exactly same as it’s reported in literature for this compound34. The signal 
for the carbon atom directly attached to the boron atom is not observed due to 




. Mass-EI: 232.1 (M
+
). 
Compound 6.16.  
4-bromo benzonitrile (0.5 g, 2.7 mmol), Bis(pinacolato)diboron (0.82 g, 3.2 
mmol) and KOAc ( 1.06 g, 10 mmol) were dissolved into 10 mL of dry 
DMSO into a 2 neck round bottle flask fitted with a reflux condenser. After 
degassing the solution for 30 min, PdCl2(dppf) (20 mg, 0.02 mmol) was added 
and the reaction mixture was refluxed for 18 h at 90 
0
C under inert 
atmosphere. After cooling it down to room temperature, the reaction mixture 
was poured into ice water and extracted with ethyl acetate. After washing with 
brine, the organic layer was separated, dried over Na2SO4 and the solvent was 
evaporated off to yield the crude product mixture which was then 
chromatographed over silica gel to yield the pure compound 6.16 as white 
solid. Yield- 80 %.  
1
H-NMR (500 MHz, CDCl3)  (ppm) 7.87 ( d, J = 7.5 Hz, 2H ), 7.63 ( d, J = 
8.2 Hz, 2H), 1.34 ( s, 12 H). 
13
C-NMR (75 MHz, CDCl3): δ (ppm) 135.0, 




C-NMR spectra are exactly 
same as its reported in literature for this compound)
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The procedure for the synthesis of compound 6.17 (4- vinyl benzaldehyde) 
was already described in chapter 4. 
Compound 6.18. 
4-bromo benzonitrile (1.0 g, 5.4 mmol), tri-butyl vinyl tin (2.4 mL, 8 mmol) 
and few crystals of 2,6-di tertiary butyl phenol were dissolved into dry toluene 
( 18 mL) into a 2 neck round bottle flask fitted with a reflux condenser. After 
degassing the mixture for 30 min, PdCl2(PPh3)2 ( 0.06 g, 0.5 mmol) was added 
to the reaction mixture and the solution was refluxed for 12 h at 90 
0
C under 
inert atmosphere. After cooling it down to room temperature, saturated 
solution of aqueous KF was added to the reaction mixture and stirred at room 
temperature for 6 h. Then the compound was extracted with ethyl acetate and 
after drying over Na2SO4, the organic solvent was removed under reduced 
pressure to obtain the crude product which was purified by column 
chromatography to obtain the pure 4-Vinyl benzonitrile as yellow oil. Yield-
78 %.  
1
H-NMR (500 MHz, CDCl3)  (ppm) 7.70 ( d, J = 8.2 Hz, 2H), 7.58 ( d, J = 
8.2 Hz, 2H), 6.85 ( m, 1H), 5.99 ( d, J = 17 Hz, 1H), 5.59 (d, J = 10.7 Hz, 
1H).; 
13







 Compound 6.19. 
The bridged triphenylamine compound 3.8 (0.23 g, 0.65 mmol) was dissolved 
into 12 mL of CHCl3 and NBS (0.46 g, 2.6 mmol) was added to this solution. 
After stirring the solution for 2 h at room temperature it was poured into water 
and extracted with DCM. After drying over Na2SO4, the organic solvent was 
distilled off and the crude product was purified by column using hexane as 
eluent to obtain the tri bromo compound 6.19 as white solid. Yield- 71%.  
1
H-NMR (300MHz, CDCl3) d (ppm) 7.44 (s, 6H), 1.58 (s, 18H). 
13
C-NMR 
(75MHz, CDCl3) d 131.7, 126.5, 116.3, 35.8, 32.7.  
Mass-EI: 600.8. 
Compound 6.9-S-CN 
The tri-bromo compound 6.19 (0.042 g, 0.07 mmol) and compound 6.16 
(0.087 g, 0.37 mmol) were dissolved into 8 mL of toluene in a 2 neck round 
bottle flask fitted with a reflux condenser. Aqueous solution of Na2CO3 (5 mL, 
2M) was added and the mixture was degassed for 30 min. After adding PCy3 
(0.016 g, 0.05 mmol) and catalytic amount of TBAB, the solution was again 
degassed for another 30 min. Finally Pd(PPh3)4 ( 3 mg ) was added and the 
mixture was refluxed at 95 
 0
C  for 18 h. After cooling it down to room 
temperature, the mixture was poured into ice water and extracted with ethyl 
acetate. The organic layer was dried over Na2SO4 and the solvent was removed 
under reduced pressure to yield the crude product which was then purified by 
column chromatography to obtain the pure compound 6.9-S-CN as greenish 




H-NMR ( 500 MHz, CDCl3)  7.77 (d, J = 7 Hz, 6H), 7.75 (d, J = 8.8 Hz, 
6H), 7.65 ( s, 6H), 1.75 (s, 18H); 
13
C-NMR (75 MHz, CDCl3): δ 145.2, 134.0, 
132.6, 131.7, 130.7, 127.0, 122.6, 119.0, 110.4, 35.9, 33.3; Mass-EI: 668.3.  
HRMS (EI) (m/z) [M] Calcd for C48H36N4: 668.2940, Found: 668.2930. 
Compound 6.10-S-CHO 
The tri-bromo compound 6.19 (0.07 g, 0.11 mmol) and compound 6.15 ( 0.087 
g, 0.37 mmol) were dissolved into 8 mL of toluene in a 2 neck round bottle 
flask fitted with a reflux condenser. Aqueous solution of Na2CO3 (5 mL, 2M) 
was added and the mixture was degassed for 30 min. After adding PCy3 (0.02 
g, 0.07 mmol) and catalytic amount of TBAB, the solution was again degassed 
for another 30 min. Finally Pd(PPh3)4 (4 mg) was added and the mixture was 
refluxed at 95 
 0
C  for 60 h. After cooling it down to room temperature, the 
mixture was poured into ice water and extracted with ethyl acetate. The 
organic layer was dried over Na2SO4 and the solvent was removed under 
reduced pressure to yield the crude product which was then purified by 
column chromatography to obtain the pure compound 6.10-S-CHO as yellow 
solid. Yield- 57%. 
1
H-NMR (500 MHz, CDCl3)  (ppm) 10.07 ( s, 3H), 8.00 (d, J = 8.3 Hz, 6H), 
7.83 (d, J = 8.2 Hz, 6H), 7.71 (s, 6H), 1.80 ( s, 18H ); 
13
C-NMR (75 MHz, 
CDCl3): δ (ppm) 191.8, 146.8, 134.9, 134.4, 131.7, 130.7, 130.4, 127.0, 122.7, 
35.9, 33.4; Mass-EI: 677.3.  
Compound 6.11-S-V-CN 
The tri-aldehyde 6.10-S-CHO (0.03 g, 0.044 mmol), malononitrile ( 0.02 g, 
0.3 mmol), few crystals of NH4OAc and few drops of AcOH were taken into a 
single neck round bottle flask along with 0.1 g molecular sieve. After flashing 
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the whole system with argon gas for 30 min, 5 mL of anhydrous pyridine was 
added and the resulting red colour solution was stirred at room temperature. 
The reaction was monitored by checking TLC and the starting material was 
completely consumed after 6 h, then the solvent was removed under reduced 
pressure. The crude mixture was poured into water and extracted with ethyl 
acetate. The organic layer was dried over Na2SO4 and the organic solvent was 
removed under reduced pressure to yield the crude mixture as red colour solid. 
The crude product was chromatographed over silica gel to yield the pure 
compound 6.11-S-V-CN as red colour solid. Yield-  32%. 
1
H-NMR (500 MHz, Acetone-d6 )  (ppm) 8.34 (s, 1H), 8.18 (d, J = 8.2 Hz, 
6H), 8.13 (d, J = 8.8 Hz, 6H), 8.03 (s, 6H), 1.87 (s, 18H); 
13
C-NMR ( 125 
MHz, Acetone-d6 ): δ (ppm) 161.5, 147.6, 135.4, 133.3, 133.0, 132.7, 131.6, 
128.7, 124.5, 115.8, 114.9, 82.2, 37.5, 34.4; Mass-Maldi-Tof: 822.0. 
Compound 6.12-D-CN 
The tri bromo compound 6.19 (0.068 g, 0.12 mmol ) was mixed with 4-vinyl 
benzonitrile ( 0.057 g, 0.43 mmol) in 8 mL of dry DMF. The solution was 
degassed for 15 min. Then P(o-Tollyl)3 (0.015 g, 0.05 mmol) and Et3N ( 2 
mL) were added to the reaction mixture and it was degassed for another 30 
min. Finally Pd(OAc)2 ( 2 mg, 0.010 mmol) was added and the reaction 
mixture was refluxed for 24 h at 95 
0
C under inert atmosphere. After cooling it 
down to room temperature, the reaction mixture was poured into ice water and 
extracted with ethyl acetate. After drying over Na2SO4 , the organic solvent 
were distilled off and the crude mixture was chromatographed over silica gel 





H-NMR (500 MHz, CDCl3)  (ppm) 7.66 (d, J = 8.15 Hz, 6H), 7.62 (d, J = 




C-NMR (125 MHz, CDCl3):  142.1, 132.5, 132.0, 131.6, 131.4, 130.5, 
126.6, 124.8, 122.5, 119.1, 110.2, 35.7, 33.2; Mass-EI: 746.4.  
HRMS (EI) (m/z) [M] Calcd for C54H42N4: 746.3409, Found: 746.3385. 
Compound 6.13-D-CHO 
The tri bromo compound 6.19 (0.066 g, 0.10 mmol ) was mixed with 4-vinyl 
benzaldehyde (0.057 g, 0.43 mmol) in 8 mL of dry DMF. The solution was 
degassed for 15 min. Then P(o-Tollyl)3 (0.013 g, 0.04 mmol) and Et3N (2 mL) 
were added to the reaction mixture and it was degassed for another 30 min. 
Finally Pd(OAc)2 ( 2 mg, 0.010 mmol) was added and the reaction mixture 
was refluxed for 24 h at 95 
0
C under inert atmosphere. After cooling it down 
to room temperature, the reaction mixture was poured into ice water and 
extracted with ethyl acetate. After drying over Na2SO4 , the organic solvent 
were distilled off and the crude mixture was chromatographed over silica gel 
to obtain the pure compound 6.13-D-CHO as deep red colour solid. Yield- 
48%. 
1
H-NMR (500 MHz, CDCl3)  (ppm) 10.04 (s, 1H), 7.90 (d, J = 8.2 Hz, 6H), 
7.71 (d, J = 8.2 Hz, 6H), 7.60 (s, 6H), 7.34 (d, J = 15.7 Hz, 3H), 7.15(d, J = 
16.4 Hz, 3H), 1.75(s, 18H).
13
C-NMR (125 MHz, CDCl3): δ 191.6, 143.8, 
135.0, 131.9, 131.6, 131.6, 131.5, 130.3, 126.6, 125.3, 122.5, 35.7, 33.2. 






The tri-aldehyde 6.13-D-CHO (0.03 g, 0.044 mmol), malononitrile (0.02 g, 
0.3 mmol), few crystals of NH4OAc and few drops of AcOH were taken into a 
single neck round bottle flask along with 0.1 g molecular sieve. After flashing 
the whole system with argon gas for 30 min, 5 mL of anhydrous pyridine was 
added and the resulting red colour solution was stirred at room temperature. 
The reaction was monitored by checking TLC and the starting material was 
completely consumed after stirring the reaction mixture for 14 h. Then the 
solvent was removed under reduced pressure. The crude mixture was poured 
into water and extracted with ethyl acetate. The organic layer was dried over 
Na2SO4 and the organic solvent was removed under reduced pressure to yield 
the crude mixture as red colour solid. The crude product was chromatographed 
over silica gel to yield the pure compound 6.14-D-V-CN as red colour solid. 
Yield- 39%. 
1
H-NMR (300 MHz, Acetone-d6 )  (ppm) 8.26 (s, 3H), 8.09 (d, J = 8.2 Hz, 
6H), 7.90 (d, J = 8.2 Hz, 6H), 7.89 (s, 6H), 7.68 (d, J = 16.4 Hz, 3H), 7.52 (d, 
J = 16.4 Hz, 3H), 1.78 (s, 18H); 
13
C-NMR (75 MHz, Acetone-d6): δ (ppm) 
160.8, 146.2, 134.5, 132.5, 132.3, 132.0, 130.9, 130.8, 127.9, 125.6, 123.8, 
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As it’s mentioned in the first chapter of the thesis that the main aim of this 
thesis was to explore the synthesis and properties of the cyclophane based and 
bridged triphenylamine based organic materials which have applications in 
various fields of organic electronics.   
So, in Chapter two, two metacyclophane based copolymers were synthesized. 
The anti orientation of the two phenyl rings in the metacyclophane unit was 
confirmed from its single crystal structure analysis. Due to their anti 
orientation, the possibility of transannular interaction between two phenyl 
rings was not very certain. But, by studying the optical and electrochemical 
properties of the metacyclophane based copolymers and comparing our 
findings with that of reference oligomers, the existence of transannular 
interaction between two phenyl rings was confirmed with enough 
experimental evidence. The observed results are however considered near the 
limit of transannular effect. This project has explored a new opportunity of 
using metacyclophane unit for extending the π-conjugation in a copolymer 
backbone. It has also opened a new direction to use metacyclophane unit as a 
tunable centre to tune the optoelectronic property of a copolymer.   
 A synthetic approach has been taken to synthesis a triple-clamped cyclophane 
based on bridged triphenylamine unit in Chapter three. In spite of our failure 
to obtain our targeted triple clamped cyclophane, the two precursor tris-
bromide and tris-thiol which were required to obtain the final compound, were 
successfully synthesized. A detail study was carried out on the synthetic route 
and reaction conditions for the synthesis of bridged triphenylamine based two 
novel precursors. This project was very significant from its synthetic point of 
view.  The successful synthesis of the bridged triphenylamine based tris-thiol 
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and the tris-bromide has open a new possibility for this two compounds to 
emerge as useful building blocks for supra molecular chemistry. 
So, based on our findings that the transannular interaction actually works 
between the two anti-oriented phenyl rings in a metacyclophane unit and 
based on our idea from Chapter three of making a bridged triphenylamine 
based cyclophane, an optimum structure (7.1) is designed for future work.   
Figure 7.1. Proposed for future work. 
In structure 7.1, the bridged triphenylamine based double clamped dithia 
cyclophane part acts as a metacyclophane moiety. One side of the cyclophane 
is attached with electron donating triphenylamine unit through fluorene 
bridging and another side of the cyclophane is attached with electron 
accepting phenylbenzo [d] thiazole unit through fluorene bridging. Thus, the 
ICT (intermolecular charge transfer) can occur from the triphenylamine core 
through the fluorene bridging towards the phenylbenzo [d] thiazole core. In 
this proposed structure, the ICT is possible over the whole molecular 
framework by using not only the “through bond” conjugation but also by using 
the “through-space” conjugation between two bridged triphenylamine 
moieties. The transannular π-π interaction between the two bridged-
triphenylamine unit may allow inter molecular charge transfer (ICT) to occur 
from one end to the other end of the molecule.   
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The presence of four hetero atoms (two nitrogen and two sulfur) in this 
molecule and the ability of hetero atoms to coordinate with specific metal ion 
by using their lone pair of electrons may allow this compound to be potentially 
useful as selective metal ion sensor.  
Proposed compound 7.1 may act as metal ion sensor. 
 
A particular metal ion with appropriate size may coordinate with the lone pair 
of electrons of the two nitrogen atoms and that may lead to change of 
fluorescence property of the compound. So, the proposed compound 7.1 may 
emerge as a potential metal ion sensor.  
In Chapter four, two star-shaped compounds were synthesized where bridged 
triphenylamine unit has been used as terminal electron donor and three units of 
these bridged triphenylamins were connected to a central benzene ring. Both 
of the compounds showed high TPA cross-section and 2P action cross-section. 
Their high 2P brightness value made them potentially useful for two photon 
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probes for bio-imaging. Our synthesized compound showed higher TPA cross-
section compared to its structurally similar, literature reported compounds 
with same number of π-electrons. So the bridged triphenylamine based TPA 
compounds are proved to be superior to its triphenylamine counterpart. This 
work may explore a new direction for the researchers to design and synthesis 
more of TPA chromophores using bridged triphenylamine unit as terminal 
electron donor. 
In Chapter five, symmetrically and unsymmetrically substituted bridged-
triphenylamine based star-shaped donor-acceptor compounds were 
synthesized. Their linear and non-linear optical properties study showed that 
the unsymmetrically substituted bridged-triphenylamine compound (2D1A) 
has not only the maximum TPA cross-section value but also the maximum 
δmax/M.W and maximum δmax/ Nπ value. To the best of our knowledge, 
unsymmetrical octupolar star-shaped TPA materials are not much explored in 
literature, it may be due to the fact that the synthesis of an unsymmetrical 
octupolar molecule is more completed and challenging compared to a 
symmetrical one. So our work could provide a new direction for the researcher 
to design and synthesize unsymmetrical octupolar molecules instead of 
conventional symmetrical ones, to achieve a significantly better non-linear 
optical material.  
A series of bridged triphenylamine based octupolar star-shaped donor-acceptor 
compounds were synthesized in Chapter six. In all the compounds, bridged-
triphenylamine was symmetrically substituted with different electron 
acceptors which were connected through alkane and alkene linkage with the 
central core. Their comparative TPA property study showed that use of a very 
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strong electron acceptor (like dicyanomethylene group) at the terminal of the 
compound and use of double bond linkage between the donor and the acceptor 
units can results in significant improvement of the TPA cross-section for a 
bridged triphenylamine based star-shaped compound. Our synthesized 
compounds have higher TPA cross-section and higher 2P-brightness value 
compared to commercially available fluorophore rhodamine-B. So they could 
be potential 2P fluorescent probes. Moreover, our synthesized compounds 
showed higher TPA cross-section compared to their structurally similar, 
literature reported compounds with same number of π-electrons. So, this work 
could motivate the researcher to use bridged triphenylamine unit instead of 
conventional triphenylamine unit as the central core electron donor in star-
shaped donor-acceptor TPA materials for achieving a better non-linear optical 
properties.  
So, based on the findings from Chapter four, Chapter five and Chapter six, a 
new star-shaped donor-acceptor compound is proposed for future work. In 
proposed compound 7.2, the bridged triphenylamine is unsymmetrically 
substituted with two electron donating carbazole at two sides and one electron 
accepting dicyanomethylene group at one side. As it’s an unsymmetrically 
substituted star-shaped compound where alkene linkage is used to connect all 




Figure 7.2. Star-shaped TPA chromophores proposed for future work. 
 
Figure 7.3. TPA chromophores Proposed for future work.  
 230 
 
(dicyanomethylene) is used at the terminal. So based on results discussed in 
the previous chapters, this proposed compound 7.2 should show a very high 
TPA cross-section.  
For efficient TPA chromophores, a structure can be proposed not only based 
on the monomer of bridged triphenylamine unit but also based on the dimer of 
bridged triphenylamine unit. The dimer of bridged triphenylamine unit could 
be substituted at four corners with electron accepting group to obtain a 
proposed structure like 7.3 which should also exhibit an excellent nonlinear 
responses and a very high TPA cross-section.  
Because of their efficient TPA properties, this entire proposed compound 7.1-
7.3 may find their application in the field of biological imaging, optical power 
limiting, three dimensional optical data storage, two-photon fluorescence 
imaging and photodynamic therapy in future.  
All this proposed molecules may emerge as useful compounds to be used in 
various fields of organic electronics. Our work of the present thesis may help 
the upcoming research in the field of organic electronics towards our journey 











Crystal data for compound syn-dithia[3.3] metacyclophane (2.8). 
 
Empirical formula  C20 H22 Br2 O2 S2 
Formula weight  518.32 
Temperature  223(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  C2/c 
Unit cell dimensions a = 9.3242(7) Å       α = 90°. 
 b = 15.3951(12) Å   = 
103.394(2)° 
 c = 15.0721(11) Å     = 90°. 
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Volume 2104.7(3) Å3 
Z 4 
Density (calculated) 1.636 Mg/m3 
Absorption coefficient 4.062 mm-1 
F(000) 1040 
Crystal size 0.90 x 0.86 x 0.64 mm3 
Theta range for data collection 2.61 to 27.48°. 
Index ranges -12<=h<=9, -19<=k<=14, -
19<=l<=19 
Reflections collected 7218 
Independent reflections 2421 [R(int) = 0.0264] 
Completeness to theta = 27.48° 99.9 %  
Absorption correction Sadabs, (Sheldrick 2001) 
Max. and min. transmission 0.1808 and 0.1210 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2421 / 0 / 119 
Goodness-of-fit on F2 1.112 
Final R indices [I>2sigma(I)] R1 = 0.0303, wR2 = 0.0765 
R indices (all data) R1 = 0.0373, wR2 = 0.0791 









Crystal data for compound anti-[2.2]metacyclophane (2.1). 
 
 
Empirical formula                                    C20 H22 Br2 O2 
Formula weight  454.20 
Temperature  295(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 7.2765(13) Å   α = 96.977(4)°. 
 b = 7.6093(14) Å   = 91.366(4)°. 
 c = 9.2627(17) Å   = 
113.189(3)°. 
Volume 466.50(15) Å3 
Z 1 
Density (calculated) 1.617 Mg/m3 
Absorption coefficient 4.353 mm-1 
F(000) 228 
Crystal size 0.80 x 0.64 x 0.20 mm3 
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Theta range for data collection 2.22 to 27.50°. 
Index ranges -9<=h<=9, -9<=k<=9, -
12<=l<=12 
Reflections collected 5993 
Independent reflections 2139 [R(int) = 0.0369] 
Completeness to theta = 27.50° 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.4764 and 0.1284 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2139 / 0 / 110 
Goodness-of-fit on F2 1.017 
Final R indices [I>2sigma(I)] R1 = 0.0346, wR2 = 0.0916 
R indices (all data) R1 = 0.0459, wR2 = 0.0975 
Largest diff. peak and hole 0.523 and -0.323 e.Å-3 
 
 
Crystal data for compound 3D 
 
Empirical formula  C65 H52 N4 O. 
Formula weight  905.11 
Temperature  223(2) K 
Wavelength  0.71073 Å 
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Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 14.8537(17) Å  α = 
60.799(3)°. 
 b = 19.614(2) Å       = 
75.638(4)°. 
 c = 19.754(2) Å     = 78.785(3)°. 
Volume 4848.5(9) Å3 
Z 4 
Density (calculated) 1.240 Mg/m3 
Absorption coefficient 0.073 mm-1 
F(000) 1912 
Crystal size 0.20 x 0.06 x 0.06 mm3 
Theta range for data collection 1.42 to 27.50°. 
Index ranges -19<=h<=18, -25<=k<=13, -
25<=l<=23 
Reflections collected 34788 
Independent reflections 22112 [R(int) = 0.1077] 
Completeness to theta = 27.50° 99.3 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9956 and 0.9855 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 22112 / 108 / 1280 
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Goodness-of-fit on F2 0.955 
Final R indices [I>2sigma(I)] R1 = 0.1138, wR2 = 0.2069 
R indices (all data) R1 = 0.2919, wR2 = 0.2877 
Largest diff. peak and hole 0.725 and -0.360 e.Å-3 
 
 
